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ABSTRACT

Haradanahalli, Murthy N. Ph.D., Purdue University, August, 2004. Fretting Fatigue
of Anisotropic Materials at Elevated Temperatures. Major Professor: Thomas N.
Farris.

The purpose of this research is to develop an experimental procedure to charac-
terize the contact between blade and disk in aircraft turbo-machinery and to develop
a model to predict the life of components based on the contact conditions. An ex-
perimental setup has been developed to conduct fretting fatigue tests at 610°C' and
fretting fatigue lives are characterized for the contacting pair of IN100 and single
crystal nickel subjected to a range of loading conditions. A well characterized set of
experiments have been conducted to obtain the friction coefficient in the slip zone. A
robust quasi-analytical approach, based on solution to singular integral equations, has
been used to analyze the contact stresses. Different multi-axial fatigue parameters
have been investigated for their ability to predict the initiation life of the specimens.
An estimation of crack propagation life was made using conventional fracture me-
chanics approaches, after making certain assumptions to simplify the problem. Total
life was predicted using nucleation life from different parameters and propagation life
from conventional fracture mechanics approach. These predicted lives were compared
with experimentally observed failure lives. The quality of the comparison provides
confidence in the notion that conventional life prediction tools can be used to assess

fretting fatigue at elevated temperatures.
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1. Introduction

The purpose of this research is to develop an experimental procedure to characterize
the contact between blade and disk in aircraft turbo-machinery and to develop a

model to predict the life of components based on the contact conditions.

Fretting is a frictional contact phenomenon that leads to damage at the region of
contact between two nominally-clamped surfaces subjected to cyclic tangential loads
causing small relative oscillations with respect to each other. Fretting differs from
the phenomenon of sliding contact due to the fact that the components do not move
with respect to each other globally. The kinematic condition imposed on the contact
surface is a mixed boundary condition. The contact surface is divided into a region
of “stick”, where there is no relative motion between the two bodies in contact, and
to a region of micro-slip at the edges, where the shear traction is equal to friction
coefficient times the normal traction, thus causing the two surfaces to have a small

tangential displacement relative to each other.

The associated edge-of-contact stresses sometimes initiate and grow cracks in a
phenomenon known as fretting fatigue. The aggressive damage mechanisms associ-
ated with fretting pose a palpable threat to the structural integrity of aerospace sys-
tems. From the nucleation of widespread fatigue damage in riveted lap joint structure
to the initiation and rapid propagation of edge-of-contact cracks at the blade/disk
pair in jet engines, the sharp near-surface gradients of stress associated with the par-
tial slip of contacting surfaces can severely degrade the fatigue performance of critical
structural elements and mechanical systems. This report details an effort designed to
couple fundamental mechanics and tribological insight with material fatigue response
to develop a predictive methodology for fretting failures at elevated temperatures

representative of aircraft engine-turbine stages.



1.1 Fretting Phenomenon

The damaging process in a fretting contact is a result of wear, corrosion and fatigue
driven by the cyclic stresses and micro-slip at the edge of contact. Fretting was first
reported by Eden et al. (1911) in 1911, who found that brown oxide debris was formed
in the steel grips of their fatigue machine in contact with a steel specimen. But it
was not until 1927 that Tomlinson (1927) conducted the first investigation of the
process and designed two machines to produce small amplitude rotational movement
between two annuli, and an annulus and a flat. Usually, in most of the components,
fatigue occurs in association with fretting. McDowell (1953) showed that the action
of fretting and fatigue together was more dangerous, producing strength reduction

factors of 2-5 or even greater.

Hurricks (1970) has presented a survey of the three-stage damage mechanism
observed during fretting. The first stage involves removing the thin oxide layer cov-
ering the material surface through the mechanical wear caused due to micro-slip
and the stress gradients. As the oxide layer degrades after first few cycles of loads,
the underlying material of the contact surfaces begins to adhere, forming micro-
welds (Waterhouse & Taylor 1971). This adhesive process causes the accumulation of
wear debris between the contact surfaces. In support of this mechanism, an increase
in the measured coefficient of friction during the first few hundred cycles of fretting
contact has been observed by several researchers (Nishioka & Hirakawa 1969, Endo
& Goto 1976, Hills et al. 1988). As the cycles accumulate, there is plastic deforma-
tion near the surface. This leads to additional wear promoting more oxide forma-
tion (Waterhouse 1972). This near-surface plastic deformation can lead to nucleation
of cracks which can result in fatigue failure if the cracks penetrate into the bulk of
the material. Fretting has been observed in a variety of contact problems like roller
bearings, riveted lap-joints, dovetail notches of the turbine blades (Kalb 1991) and
even in artificial hip joints (Waterhouse 1981). Fretting has been observed to reduce

the expected fatigue life by an order of magnitude.



From preliminary studies, driving forces for crack nucleation and subsequent fail-
ure of components have been observed to be high stress gradients at the edge of
contact and the wear due to relative motion in slip zones. These, in turn, are influ-

enced by a number of factors including:

1. Manufacturing Aspects: Geometric profiles of the contacting surface and their
manufacturing tolerances, heat treatment, residual stresses introduced during

machining etc.

2. Material aspects: material properties including fatigue and fracture character-
istics (influenced by some of the manufacturing aspects like heat treatment,
residual stresses introduced etc. and operating conditions like temperature,

humidity etc.)

3. Tribological aspects: Friction coefficient between the contacting bodies, wear

occurring at the edges of contact, surface evolution due to wear etc.

4. Mechanical aspects: Loads acting on the contacting surfaces, interaction of
loads and geometry with the contact tribology that generates the oscillating

stress field

The myriad of factors involved in the fretting fatigue process prove efforts for mod-
eling effects of individual factors to be anything but trivial. Literature has proposed
that as many as fifty variables can affect the fretting process (Dobromirski 1992).
The complications involved in such investigations generally lead the industrial sector
to situation specific experiments where the geometry and load conditions of a specific
application can be replicated as closely as possible. This allows for determination of
a fretting fatigue life reduction factor and subsequent redesign of current components
to enlist protection or prevention countermeasures aimed at alleviating the identified
fretting threat. The majority of fretting fatigue experiments are performed for either
the identification of this fretting fatigue life reduction factor or the evaluation and

verification of the desired fretting protection/prevention scheme.



Though cost effective in the short term, such experimental investigations become
less economically palatable as continued spending is made on reproduction of each
practical situation in which evidence of fretting fatigue is observed. The redesign
to resist fretting fatigue in each of these applications is also difficult because of an

insufficient understanding of the fretting fatigue parameters themselves.

1.2 Thesis Overview

For ease of studies, it is necessary to reduce the vast number of factors into a
smaller set that still retains all the necessary features of the actual application. This
base configuration of essential factors provides the foundation for experimental in-
vestigation and analysis of the fretting phenomenon. The ensuing investigation uses
the base configuration of a flat pad with rounded edges held in contact with a flat
specimen by a constant normal load and subjected to a sinusoidal tangential load and
an in-phase bulk load. The loads are controlled and monitored by a data acquisition
system with feedback control. The experiments are conducted at a temperature of
610°C, by using a furnace-like environment to represent the temperatures experienced
by the blade-disk contacts in engines. Actual profile of the contacting pad is obtained
using a surface profilometer. Materials were chosen to represent the materials used
in aircraft engine-turbine stages (IN100 on single crystal nickel). Material properties
(like elasticity modulus, Poisson’s ratio, fatigue and fracture strength etc.) and inter-
face properties (like friction coefficient, wear characteristics etc.) are the properties
of the contacting materials and hence are dependent upon set of materials chosen.
Afore mentioned base configuration was used for all the tests conducted at a temper-
ature of 610°C'. Well characterized experiments were conducted to obtain the friction
coefficient at the contact interface. The material principal axes of the single crystal

(face centered cubic crystal) was determined by Laue diffraction setup.

The experiments were analyzed using a quasi-analytical solution of singular inte-

gral equations (SIE) representing the contact configuration (Rajeev & Farris 2002).



Different multi-axial fatigue parameters were investigated for their ability to predict
the initiation life of the specimens. An estimation of crack propagation life was made
using conventional fracture mechanics approaches, after making certain assumptions
to simplify the problem. Total life was predicted using nucleation life from differ-
ent parameters and propagation life from conventional fracture mechanics approach.

These predicted lives were compared with experimentally observed failure lives.



2. Elevated Temperature Testing
2.1 Fretting Fatigue Testing Setup

Fretting experiments involve a large number of independent parameters such as
normal and tangential contact loads, bulk loads and shape of the contacting pairs.
The relationship between normal and tangential contact loads depends upon the
friction coefficient which changes during the fatigue process. Fretting tests may be
carried out in the full sliding regime or the partial slip regime. As highlighted by Hills
(1994), it is very difficult to achieve a well controlled experiment using an external
actuator due to the low displacement amplitudes involved. Therefore it is beneficial
to utilize compliance of the specimen to generate necessary tangential load, as a bulk
load is applied to the specimen. A bridge-type setup utilizing the compliance of the
bridge or specimen or both to generate tangential force has been used extensively
for experimentation. Hills (1994) propose clamping the specimen with a pair of pads

held by a chassis.

A bridge-type setup based on mechanics similar to that proposed by Hills (1994)
has been developed at Purdue University for room temperature fretting fatigue tests (McVeigh
et al. 1999). The fretting chassis is a superstructure built onto a conventional ser-
vohydraulic fatigue machine that allows the generation of tangential loads that are
in phase with the bulk load, while applying a nominally constant normal load. Fig-
ure 2.1 shows the components of fretting chassis schematically. Stiff beam provides
the bulk of stiffness of the chassis. Pads rest on the top platform which also provided
the means of application of the normal load. Normal load is applied via a pair of
hydraulic actuators that transmit the load onto the top platform. The two pressure
rods ensure that the pressure is applied symmetrically to the pads. Thin steel di-

aphragms offer little resistance to pressure loading, but offer a large resistance that
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Figure 2.1. Components of the fretting chassis.

carries the portion of tangential load transmitted to the chassis. This ensures that
almost all of pressure is transmitted to the specimen through pads, while maintaining
the required stiffness to produce a large tangential force. Pad-tops fix the pads to
the chassis. Tangential force produced is monitored throughout the fretting fatigue
experiments, by recording the difference of the upper and lower load cell readings.
With this setup, which utilizes a single actuator at the bottom, the tangential loads
are in phase with the bulk loads.

Figure 2.1 shows a schematic of various loads that are relevant in the experiment.
A number of sensors were used to keep track of the various parameters in the experi-
ment. The experiments were conducted in load control with the controlling parameter
being the load seen by the cross-head load cell (R). Load cell below the actuator mea-
sured the bulk load F. Tangential force, 2¢), was given by the difference of the two
load cell readings. Bulk stress, o, is simply F' divided by the cross-sectional area
of the specimen. Note that each experiment had two pads and the experiment was
assumed to have a plane of symmetry. Two load washers connected to pressure rods

measure the normal force, P. The fretting phenomenon arising due to combination



of bulk loading on the specimen and normal and tangential loading applied by the

pad was studied.

2.2 Motivation for Elevated Temperature Testing

The performance of a jet engine, measured in terms of thrust-to-weight ratio, can
be increased by increasing turbine gas temperature and by reducing the weight of the
engine using innovative designs and advanced materials. These materials have to be
lighter and must have good structural integrity at high temperatures. The allowable
metal temperature was very low in the earlier jet engines that had uncooled turbine
blades cast from poly-crystalline nickel-based alloys. In recent years, a significantly
improved turbine airfoil cooling design and use of cast directionally solidified turbine
airfoils have increased the allowable turbine inlet gas temperature. As a result, higher
thrust-to-weight ratio can be achieved in the engines. Anisotropic behavior and the
elevated operating temperatures of these advanced materials pose significant problems
for design and life prediction of advanced turbine blades. Fretting is one of the primary
causes of HCF in turbine blades. Therefore, to characterize the effect of fretting on
life of these components, experiments have to be conducted at operating temperatures
of the materials in consideration and analysis has to include the effect of anisotropic

behavior on the contact stresses.

Existing fretting rig at Purdue University had been designed to operate at room
temperature. The rig was useful in testing the materials like Ti-6Al1-4V, Til7, and
Inco718 that are used in components that operate at lower temperatures. How-
ever, advanced alloys like Single Crystal Nickel (SCN), IN100, etc. that are used in
high temperature applications have characteristic properties at elevated temperature.
Therefore, to study the material fretting fatigue characteristics, experiments must
be conducted at elevated temperatures to which the material is exposed in engine
environment. To achieve an elevated temperature of 610°C at the contact region, a

new rig was designed as is described next.



2.3 Elevated Temperature Experimental Setup

A 100 £N servo-hydraulic fatigue testing machine was used for all the experiments.
A chassis was attached to the machine to hold pads in contact with the specimens.
The chassis allows application of crushing load by the pad on the specimen and also
acts as a spring to generate tangential forces. The specimen was gripped and loaded
by the action of hydraulic actuators. Crushing loads were applied by chassis with
the help of hydraulic actuator, the spring action of chassis producing the required
tangential force. Elevated temperatures were obtained using igniters with on/off
type of controller. A miniature furnace-type environment was created using ceramic

paper and ceramic blocks.

2.3.1 Fretting Chassis

The fretting chassis is a superstructure built on the fatigue machine that allows the
generation of tangential loads that are in phase with the bulk load, while applying a
nominally constant normal load. Figure 2.2 shows the components of fretting chassis
schematically. Components of the rig closer to the zone of elevated temperature were
designed using Ti-6A1-4V alloy, while 4140 steel was used to design the components
that were far away from the region of high temperature.

Load transfer in the new setup was based on a principle similar to that of the
room temperature fretting setup. Stiff beam provides bulk of the stiffness of the
chassis. Webs that form a part of the pad holder block act as membranes. These
thin diaphragms (thickness = 4.4 mm)transfer most of the normal load applied to
it, but their stiffness in the tangential direction gives rise to tangential (shear) load
at the contact which is eventually transmitted to the stiff beam. Normal load is
applied via a pair of hydraulic actuators. Load washers attached to the two rods on
either side of contact ensure that the pressure is applied symmetrically to pads while
monitoring the applied normal load. This reduces any out-of-plane moments that

could be generated during testing. Since the temperatures that would be encountered
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Figure 2.2. Schematic of the elevated temperature fretting fatigue experiments.

during the experiments were high, assembly of different parts using welds or bolts were
avoided. Hence, the webs and platforms that hold the pads were machined from a
single Ti-6Al-4V block. Further, the pad holder block was not made of two different
parts that would be bolted together with pad in between them, as is done in the
room temperature setup. As the normal load is applied, the pad gets wedged into a

tapered groove (tapered at an angle of 5°) machined in the pad holder block.

2.3.2 Elevated Temperature Characteristics of Rig

Temperature of the local area of contact was increased using a pair of igniters on
either side of the specimen. Igniters draw a current of 4.25 A to 4.75 A at 132 V,
and the maximum temperature achieved by igniter surface is 1550°C. Heat transfer
from the igniter to the specimen and the pads is through radiation and convection
with air as the medium. Temperature of the specimen was measured using a K

type thermocouple. Voltage output of the thermocouple was used to control the
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Figure 2.3. (a) Photograph of the elevated temperature fretting fatigue setup. (b)
Schematic of different loads. P is the normal load applied using actuators.
Experiment is controlled by feedback from top load cell which measures R. Bulk
load, F', bottom is measured by another load cell at the bottom. @ = 0.5 x (F — R)
is calculated from loads F' and R.

temperature at the contact using on/off control. The controller was set up such that
the igniter switches off if temperature goes up by 1°C from the desired temperature
and switches on if the temperature drops by 0.5°C. On/off control requires an igniter
capable of reaching a very high temperature, in a short period of time, to minimize
the fluctuations in temperature. Hence, an igniter which can achieve the maximum
temperature from room temperature in 17 secs was chosen. However, there was a
fluctuation of +5°C" when the desired temperature was 610°C'. The fluctuation may
be due to air currents affecting the convective heat transfer, in addition to on/off
type of control. The influence of air currents were minimized by forming a shield
around the zone of elevated temperature, using ceramic blocks and sheets. Since the
fluctuation was less than 1% of the desired value, it will be neglected in the subsequent

modeling efforts.
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Surface of the webs and the pad holder block facing the zone of elevated temper-
ature was covered with ceramic sheets glued using high temperature adhesive, hence
preventing their exposure to high temperatures. It also prevents absorption of heat
by the rig from the elevated temperature zone. Loss of heat to ambient air was further
prevented using a shield made of a ceramic block placed behind the igniter. Ceramic
shields along with the ceramic sheets covering the rig give rise to a furnace-like en-
vironment around the region of contact. Inspite of covering the surface of webs with
ceramic sheets, there is some heat transfer to the rig due to the air surrounding it
which is at a very high temperature. In addition, there is a transfer of heat from
the pad to the pad holder by conduction. To absorb the heat thus generated in the
rig, the pad holders are cooled by passing water through channels machined in the
block (Figure 2.3(a)). Heat is also conducted to the wedges that hold the specimens.

Hence, water cooled wedges were used for clamping the specimens.

2.3.3 Application and Monitoring of Contact Loads

Figure 2.3(b) shows a schematic of the various loads that will be referred to in
this document. P is the crush load (normal load), @ is the tangential load, F' is the
force applied at the bottom of the specimen (measured by the actuator load cell).
The reaction force as measured by the cross-head load cell (top grip) is referred to as

R.

The experiments were conducted in load control with the controlling parameter
being the load seen by the cross-head load cell (R). The load cell near the bottom
actuator measured the bulk load F'. Tangential force, 2¢), was given by the difference
of the force measured by the two load cells. The bulk stress, o, is simply F' divided
by the cross-sectional area of the specimen. Note that each experiment had two pads
and the experiment was assumed to have a plane of symmetry. Two load washers
connected to the pressure rods measure the normal force and minimize out-of-plane

moments. The cross-head load, position and cycle number were tracked via the digital
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Figure 2.4. Schematic of the experiment conducted to obtain the load transfer ratio.
P'/P was found to be ~ 95%.

interface of the fatigue testing machine, while the rest of the sensors were monitored
via a National Instruments SCXI module and data acquisition card. LabVIEW was
used for control and data acquisition. The computer control allowed for the machine
to run unattended.

A set of experiments were conducted to find the load transfer ratio when a normal
load was applied (Figure 2.4). The load transfer ratio was found consistently to be
between 94% and 96%. The experiments conducted to obtain the load transfer ratio
also provided insight into techniques for minimizing the moment and rotation at the

contact.

2.3.4 Data Acquisition

Since a fretting test involves collection of data over a large number of cycles, au-
tomated testing and data acquisition is necessary. Also, at each of the cycles, the
number of measurements to be taken to characterize the conditions of fretting fa-
tigue is large, which requires an efficient data acquisition system. The importance of
the data acquisition has been documented by Attia (1992) in a summary of a series
of papers aimed at developing a fretting fatigue test standard. Attia (1992) notes

that measurement of contact parameters and automation of the testing procedure
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are areas to be addressed by the fretting fatigue community. Braun (1994) identifies
the characteristics of an automated fatigue and fracture testing setup. The charac-
teristics include: (1) a digital control system the implements the control loop and
function generation for the waveform applied by the servo-hydraulic load frame via
software, (2) a flexible data acquisition scheme allowing for a wide variety of experi-
mental configurations and (3) an intuitive software-based user interface that relies on
a graphical-user interface. The experimental setup for the fretting tests uses commer-
cially available hardware components and software packages for an efficient, flexible
and graphic oriented data acquisition system and on-line data processing. An Instron
100 kN servo-hydraulic load frame, fitted with hydraulic wedge grips, applies the re-
quired fatigue loading of the specimen. An Instron 8500 digital controller sends the
requisite signals to the servo valves to apply the load of particular frequency, wave-
form and amplitude. This controller can operate as a stand-alone controller through
an attached panel or remotely through a digital input/output line that relies on a
standardized general purpose interface bus (GPIB). This GPIB connection allows for

integration of the controller with the standard PC bus architecture.

The load cells measuring the loads require full-bride Wheatstone circuits con-
structed on a printed circuit board. The excitation of each of these bridges and
subsequent conditioning of the analog signals from the sensors is achieved with a
general-purpose Signal Conditioning eXtensions for Instrumentation chassis (SCXI)
manufactured by National Instruments. The module allows for user-definable excita-
tion voltages (3.333 or 10 V), two-stage signal gains (from 1 to 1000) and two-stage
filters (4Hz or 10 kHz). The current configuration offers up to eight channels, with
the potential for expansion to twelve. The preconditioned analog signals from the ar-
ray of sensors are then read from the SCXI chassis in either a multiplexed or parallel
mode by a 16-bit analog-to-digital (A/D) data acquisition card in the PC. This card,
an AT-MIO-16FE card also manufactured by National Instruments, can read up to 16
single-ended or 8 differential channels at a maximum of 20 kilosamples/second and a

maximum resolution of 3 mV. It is completely software-configurable, complying with
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the latest Plug and Play hardware standards. This software configuration thus elimi-
nates the need for cumbersome hardware jumper adjustments for varied experimental
configurations. The real strength of this experimental setup lies in the ability for the
hardware to be integrated into a single suite of user-friendly GUI panels that allow
for the on-line control, monitoring and analysis of each fatigue experiment. This
software platform has been developed using National Instrument’s LabVIEW (the
Laboratory Virtual Instrument Engineering Workbench package for Microsoft Win-
dows). Since many of the base level operations such as direct communication with the
DAQ hardware, generation of complex GUI’s and data file creation and management
are inherent parts of the LabVIEW subroutines, the time required to develop flexi-
ble, powerful software platforms for large-scale experimental setups is slashed. This
is in tune with the current trend in using Supervisory Control and Data Acquisition

(SCADA) as primary user-interface. LabVIEW falls under the purview of SCADA.

2.4 Simple Model of Elevated Temperature Fretting Fatigue Experiment

A simple model was developed, assuming that the specimen and the diaphragms
act as linear springs, to assess the effects of various parameters on the nature of

mixed-mode fretting process (Figure 2.5).

Portion of the specimen between the contact and the bottom grips acts as a spring
of stiffness ky = AyF;/l;, where A is the area of cross-section of the specimen, F is
the Young’s modulus of the specimen material and [; is the length of the specimen
below contact. Similarly, portion of the specimen above contact acts as a spring of
stiffness k3 = A;F;/l3, where [3 is the length of the specimen between contact and
the top grips. The two diaphragms act as springs of stiffness ky = AyFy/ly, where
Ag is the area of cross-section of the diaphragm, F; is the Young’s modulus of the
diaphragm material and [; is the length of the diaphragm. Though the assumption
of linear spring behavior is not entirely accurate, it provides a qualitative assessment

of the effect of the dimensions and material properties of the rig.
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Figure 2.5. A simple linear model of the rig. (a) Schematic of the rig with specimen
and pad (Figure 2.3(b)) . (b) A simple linear spring model of the setup. The part of
the specimen below contact acts as a spring of stiffness k; and the part above acts
as spring of stiffness k3. The diaphragms act as springs of stiffness k.

The displacement at the bottom grip, where load F, is applied, is taken as ¢
and the displacement at the contact is taken as d.. The forces can be related to the

displacements as,

Fo - k1(5 - (SC), F - kg&c, Q - k25c. (21)

From above relations and from the equilibrium condition F, = F' + 2@, the following

relations can be deduced,

(2.2)

Equation 2.2 gives a relation between the applied load, F,, and the recorded loads,
F and @, in terms of the stiffnesses of the specimen and the diaphragms, which in
turn are affected by the geometry and material properties. For example, if we want
to decrease the @Q/P ratio, we can do that by increasing ks, i.e, by decreasing the
length of specimen above the contact. This provided a valuable tool to modify the

design as described in subsequent section.
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2.5 Fretting Specimens and Pads

2.5.1 Geometry of Fretting Pads and Specimens

All specimens and pads were machined according to prescribed geometric specifi-
cations(Figure 2.6). The specimen is a 406.4 mm long dog-bone with a cross section of
15.2mm x 9.5mm. Cylindrical rods (200 mm long, 25.4 mm in diameter) cast from
SCN were used to machine the fretting fatigue specimens. The primary principal
axis (x) is possibly tilted from the cylinder axis (z;) by a small angle (< 10°). A
rectangular cross section (15.2mm x 9.5mm) oriented at an arbitrary angle about
the x;-axis was machined. A schematic of the specimen orientation with respect to
the material principal axes is shown in Figure 2.7(a). Tabs made from WASP alloy
were inertia welded to the ends to produce the specimens. The nominally flat fret-
ting pads were made from IN100. The pads were 20.3 mm high, 9.5mm deep and
had a prescribed profile of a 3.05 mm flat region bounded by 3.05 mm radii on either
side. The specimens and pads were used as machined without any polishing. On the

specimen, the contact is on the side with width 9.5 mm.

2.5.2 Profilometry of Pads

While the prescribed profile for the fretting pads was as is shown in Figure 2.6, the
machined profiles were not in exact conformance with the prescribed profiles. Since
the contact analysis using solution to singular integral equations (discussed later) are
able to handle any arbitrary smooth profile, the machined profiles were recorded for
each pad. A Talysurf profilometer was used to record a representative trace on each
face of each pad used in the experiments. After centering and rotating, this trace was
smoothened using a moving average approach and treated as the input to the stress
analysis program discussed elsewhere in this report. Figure 2.8 shows a typical trace
of the pad as machined. Also plotted is the prescribed profile and the smoothened

profile used for contact stress analysis.



18

J

190.5 mm T15.2 mm

38 mm
R 76 . )
mm 9.5 mm Single Crystal Nickel-based alloy
_— T ‘ f *
Inertia Welding
Waspaloy
406.4 mm

(a)

9.5 mm
Ko ‘
N
23 mm
34.3 mm

(b)

Figure 2.6. (a) Schematic of the specimen used in experiment. Note that only
central 190 mm of the specimen is made of the single crystal nickel. Waspaloy tabs
are inertia welded onto this section. (b) Schematic of pads used in the tests. A
taper of 5° is provided on the upper surface of the pad to wedge the pad into the
grove made in pad holder block. The contact surface has a flat length of 3.05 mm
with radii 3.05 mm at the edges. The radius is over 10°, and then a flat surface is
machined.
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Figure 2.7. (a) Schematic showing the material principal axes with respect to the
specimen. (b) Effect of the change in orientation of principal axes with respect to
contact surface on the subsurface stresses.
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Figure 2.8. Typical trace of pad profile as machined. The prescribed profile is also
plotted for comparison.
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Figure 2.9. Schematic of the pad alignment fixture. (a) Front view of pad alignment
(b) Top view of pad alignment fixture. By adjusting the four screws the pad holder
block can be translated along z-axis and rotated about y-axis with respect to the
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2.5.3 Alignment of Specimen and Pads

To ensure compliance with ASTM standards on specimen alignment for fatigue,
an alignment specimen with eight strain gages was used. The strain gages were
connected to four Wheatstone half-bridge circuits. By loading the specimen to a
prescribed bulk load and adjusting the alignment fixture, the bending strain was
minimized. This results in the minimization of the undesirable effects of the bending
strains on the results. The bending strains, if significant, alter the fretting behavior

to a great extent.

In addition, it was important to ensure that the pads were in proper contact with
the specimen. Before applying the normal load, the pads were lightly pressed against
the specimen, with a pressure sensitive film between the specimen and the pad. The
color change on the film indicated the extent of contact. Adjustments were made to
the fretting chassis and/or the machine to achieve full contact between the pads and
the specimen. To aid the alignment of pad with respect to the specimen, an alignment
fixture was designed (Figure 2.9). The alignment fixture was fixed firmly to the stiff
beam. The pad holder block is kept in a slot in the stiff beam. The slot is slightly
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larger than the pad holder block, thus allowing for small amounts of translation and
rotation in pad with respect to the specimen. The screws that are connected to the
alignment fixture are then adjusted to translate (along z-axis) or rotate (about y-axis)
the block and hence the pad with respect to the specimen. Once satisfactory contact
was achieved, the pad holder block was firmly bolted onto the stiff beam and the full
normal load was applied. The adequacy of this approach was borne out by observing

the final wear scars that encompassed the contact zones.

2.6 Experimental Procedure

A procedure for setting up the experiment was arrived at based on the experience
with the experiments conducted to estimate the load transfer ratio. This procedure
was arrived at to minimize the moment and the rotation at the contact. First the
pads are pushed into contact with the specimen by pushing the pad holder and held
in place using screw-jacks. The pad holder moves towards the specimen in a groove
in the stiff beam made of steel. The bolts holding the block on to the stiff beam
chassis are tightened and the screw-jacks are removed. The small load applied at the
bottom, using the screw-jacks, creates a moment about the contact. To relieve this
moment, once a small normal load is applied using actuators, the bolts are loosened
and tightened again. Finally, the normal load is applied using the hydraulic actuators.
This causes the pad to get wedged into the groove in the pad holder. In the process
of wedging, the pad moves into the groove. Hence, the webs now have to bend more
while applying the normal load. This leads to a drop in load transfer ratio. To avoid
the problem, the pad is pre-wedged into the grove by applying a normal load of about
110% of the normal load applied during the tests. The pre-wedging is achieved by
applying increasing levels of normal load in three steps. At the end of each step, the
rig is unloaded and the entire process of setting up the contact is repeated again.
Normal load applied in the final step of pre-wedging is about 110% of the normal
load applied during the tests.
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As described, the normal load was applied first and allowed to settle. Then the
mean of the bulk load was set. Finally, the cyclic load was applied at the given
frequency. Note that since the load cell at the top is the controlling load cell, the
cyclic load amplitude and mean at the top was set so as to provide the right steady
state amplitude and mean of the bulk load. The tests were run at a frequency of

10 H z, which was determined by the limitation of the fatigue testing machine.

Three preliminary experiments were conducted to understand the working of the
rig and to study the nature of contact between the materials used at high temper-
atures. The details of the experiments are listed in Table 2.1. The first experiment
provided valuable insight into the mechanics of the rig and the temperature variation
at the contact. The temperature field was verified on the surface of the specimen by
using multiple thermocouples. The variation was found to be 10°C' across the width
of the specimen (152.4 mm). Based on the behavior of the rig in the first experiment
changes were made in the alignment procedure. The next two experiments served the
purpose of verifying the working of the rig. Various lengths, discussed in the section
on simple model of the rig, were such that the tangential load transferred to the pads
caused the pad to slide against the specimen. The rig was designed with the inten-
tion of obtaining )/ P ratios of the order of 0.3 — 0.4, based on previous experience
with room temperature tests using Ti-6Al-4V specimens, wherein friction coefficient
was 0.5 — 0.55. However, during the contact between IN100 and single crystal nickel,
coefficient of friction was found to be much lower(0.17 — 0.23), due to which gross
sliding (implying @ = puP) was observed during the course of experiments. Therefore,
to achieve partial slip conditions, it is essential to alter the lengths such that much
lower friction coefficients are achieved. In addition, it is possible that the relatively
large displacements associated with sliding wear introduced non-linearity into the
load transfer relationship. Thus, P could be smaller than the measured value. In
order to alleviate these problems by achieving partial slip conditions representative
of engine hardware, the tangential load has to be decreased such that () < puP. From

Equation 2.2, ) can be reduced either by increasing k3 or by reducing k,. Therefore,
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either the length of the specimen between the contact and the top grips could be
reduced or the area of cross-section (i.e, the thickness) of the diaphragms could be re-
duced. The length of the specimen was reduced due to the ease of modification. This
was achieved by raising the fretting chassis, relative to the specimen, using spacers.
By this process, partial slip conditions were achieved in the subsequent experiments.
@)/ P ratios of up to 0.27 were achieved implying that the coefficient of friction could

be higher than what was anticipated from the first few sliding experiments.

Subsequent tests were conducted under partial slip conditions to study the fret-
ting phenomenon. The experimental conditions are listed in Table 2.1. Note that the
controlling load is the load at the top. Hence, initially as the coefficient of friction was
low, the tangential force was limited by the frictional force required to cause sliding of
the pads against the specimen. As the coefficient of friction rose and reached a steady
state, the tangential force stabilized resulting in the bulk load also stabilizing. Note
that the quoted values of the loads refer to the stabilized values unless stated other-
wise. As the forces stabilized, most of the experiments reached a state of partial slip,
wherein the tangential force is not enough to cause gross sliding. This phenomenon
of transition from sliding to partial slip is referred to as mixed-mode fretting. All
the loads were monitored and stored for every cycle for the first few hundred cycles.

Subsequently, data was stored at regular intervals (usually 100 cycles).

The fretting fatigue experiments were either run to failure, resulting in the speci-
mens breaking in two, or till run-out, defined as 10° cycles. No failures were observed
in the pads as can be expected, since there is no bulk load to propagate the initiated
crack to failure. The specimens failed due to cracks initiated at the trailing edge of
contact in all the failure tests. Contact stresses, which are highest at the edges of
contact, drive the crack nucleation. The observation that crack nucleation occurred
at all the edges of contact agrees with the idea that contact stresses drive crack nu-
cleation. The cracks initiated at the bottom edge of contact failed since the bulk

stresses are highest at the bottom. The bulk stresses are highest at the bottom as
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Experimental conditions for High Temperature fretting fatigue

experiments with SCN on IN100. (o'=stresses measured by top load cell,
ob=stresses measured by bottom load cell). * stopped because of problems with

data acquisition,

r

runout tests.

Controllable Loads Measured Loads Failure
Expt. P | Opax | Omin | Omax | Omin | @max | Qmin Life
No. |(kN/m)|(MPa)|(MPa)|(MPa)|(MPa)|(kEN/m)|(kN/m)| (cycles)
HTFFO01| 1873 212 52 323 4 853 -365 415,000°
HTFF02| 1852 400 53 442 14 315 -297 944,495
HTFF03| 2193 290 78 358 23 519 -422 2,000,000"
HTFFO4| 3345 401 89 533 14 1004 -569 174,973
HTFFO05| 3394 407 84 502 1 723 -634 169,815
HTFF06| 3431 337 71 445 -1 821 -543 61,900
HTFFO7| 3466 369 100 441 2 550 -746 491,292
HTFFO08| 3659 363 60 476 1 863 -451 18,810
HTFF09| 3373 312 58 469 32 1192 -202 16,044
HTFF10| 3436 270 15 450 17 1372 15 21,800
HTFF11| 3368 108 -62 302 1 1481 474 45,496
HTFF12| 3446 170 2 311 11 1071 68 49,306
HTFF13| 2729 192 19 312 8 912 =77 779,232
HTFF14| 2482 287 20 480 10 1470 -74 37,528
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part of the bulk load at the bottom is transferred as the tangential load, @, leading

to a lower bulk stress at the top.
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3. Mechanics of Fretting Contacts between

Dissimilar/Anisotropic Materials
3.1 Introduction

When two solid bodies are in contact due to the action of external forces the
resulting contact tractions are determined as a result of the following conditions: 1)
the displacements of the two bodies are such that they are in contact in the contact
zone, 2) the contact tractions on each body are in equilibrium with the applied loads
(forces and moments) on that body, and 3) the contact tractions and displacements
in the contact zone are consistent with the laws of friction.

Knowing the contact loads, bulk loads, friction coefficient and the profile of the
contacting surfaces, contact stresses can be obtained either by a finite element analy-
sis of the model (Kondoh & Mutoh 2000) or by solution to singular integral equations
(SIEs) (Mindlin 1949, Jéger 1997, Rajeev & Farris 2002, Murthy et al. 2003). Several
researchers have used analytical approaches to analyze problem of contact between
half spaces of specific geometries (Mindlin 1949, Ciavarella et al. 1998, Goryacheva et
al. 2002). Jager (1997) has presented a general solution to singular integral equations
(SIE) for the contact of polynomial surfaces subjected to combined normal and tan-
gential loading. Hills et al. (1993) present a numerical analysis of fretting contact of a
cylinder on flat geometry, taking into account the coupling between the contact pres-
sure and shear traction caused by the material dissimilarities, for isotropic materials.
Their method relies on Spence’s (Spence 1973) solution to obtain the contact trac-
tions due to the application of normal load alone; therefore, it is not easily extendable
to indenters of varying geometries or to problems with more complex load histories.
The problem of combined normal and tangential loading on a two dimensional (2-D)

plane-strain contact between similar materials of arbitrary shapes, which are suffi-
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ciently flat in the vicinity of contact, has been solved using a very computationally
efficient approach that accounts for the effect of bulk stress on the tractions (Murthy
et al. 2003). Due to its computational efficiency, this approach based on solving a
set of singular integral equations presents itself as a powerful design tool to analyze
the effects of various factors like shape of the contact surface and load histories on
crack nucleation. Experimental results are consistent with these efficient calcula-
tions (Murthy et al. 2001). However, contact between dissimilar materials cannot
be solved using a similar approach, due to the coupling between the normal and
shear tractions. Therefore Rajeev & Farris (2002) obtained a solution for the coupled
singular integral equations representing the dissimilar contact problem using a very

different approach as detailed below.

3.2 Governing singular integral equations

Assume a given profile H(x), of a pad in contact with a semi-infinite half-space.
A force, P, and moment, M, are applied on the half-space (an equal and opposite
force-moment pair acts on the pad). A schematic of two elastic bodies in contact is
shown in Figure 3.1(a). Let the displacements in the z and y directions be given by
iUy and ;u, respectively (¢ = 1,2). The relative slip between the two bodies, s(z), and
the initial gap function, H(x), in the contact zone are related to the displacements

as,

$(x) = gy — Uy (3.1)

H(l‘) + Cll' = 2Uy — 1Uy + H() (32)

where H, is a constant and C] is the rotation term. The Green’s function for the
surface displacements of an anisotropic half-space subject to a line force on the surface

at z = 0 can be obtained using the Stroh formalism as (Ting 1996):

u = %Im [V qln(z)] (3.3)
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Figure 3.1. (a) Schematic of two elastic bodies in partial slip contact. a; and ay
denote the ends of the contact zone and b; and b, denote the end of the stick zones.
(b) The evolution of the contact and stick zones and the ‘slip lock’ phenomenon that
occurs during the incremental indentation of an elastic half space by a rigid surface.

The constant matrices V.3 and g5, are obtained from the elastic constants and the

applied forces. From tensor Cj;;s the following 3 x 3 matrices can be defined.
Qi = Caarr, Rk = Cara, Tip = Cioge (3.4)
The matrix V = [v; v2 v3] is obtained from the eigenvalue problem:
[Q+p(R+R")+p*T] v=0 (3.5)

It can be proved from strain energy considerations that the eigenvalues, p;, and the
eigenvectors, v;, are complex valued and hence occur in conjugate pairs. The matrix
V is constructed using the eigenvectors corresponding to the eigenvalues with positive

imaginary parts. The vector of constants q is given by:
q=W7'f W=w, wyws], {w;}=[R"+pTv; (3.6)

where f is the applied line force vector. Noting that z can be written as x = |z|e'”
for x < 0, the surface displacements due to an applied line force can be written as:

_{ Re VW £+ Im[VW Y fIn|z| if z<0

_ (3.7)
Im[VW™!]| f1n |z if >0



29

Differentiating Equation 3.7 with respect to x,

ou

5, = ~Re VW] fo(z) + Im[ VW] f% (3.8)

where ¢(x) is Dirac’s delta function. For distributed in-plane line tractions between

r = a; and x = ay the surface displacements can be written as:
9 { s } _ [ @ () ] { q(x) }_[ Bi)m (Biz)m ] [ { q(r) } dr
Oz Uy (a21)m  (022)m p() (Bo1)m  (Baz)m | p(r) J r—«

where (a;;)m = Re[VW ] and S;; = Im[VW 1] for a given material m.

Considering that the tractions on the contacting bodies are equal and opposite in
sign, Equation 3.9 can be written for both bodies with appropriate sign changes. By
making use of Equations 3.1 and 3.2 the governing singular integral equations (SIEs)

for 2-D contact problems can be written as,

Js B e q(r) Bia e p(r)

e apq(z) + — /al p—— dr + apap(z) + gl . dr  (3.10)
OH Por [ Q(T) Baa [ p(r)
—a + 01 = Oéglq( ) —7T /al o dr + 0422]7( ) —7T o —7” — dr (311)

where the constants c;; and f3;; are obtained from the elastic constants of the contact-
ing bodies (Rajeev & Farris 2002). As an example when both the bodies are made

from isotropic materials the non-zero constants are given by,
(1 — 21/2)(1 + 1/2) _ (1 — 21/1)(1 + 1/1)
E, E,

B B 2(1—wv2)  2(1—v?
Br1 = —Pa2 = B, + 7,

=k (3.12)

—Q21 = (12 =

) _ 1, (3.13)

where the subscripts 1 and 2 refer to bodies 1 and 2 respectively as shown in Figure 3.1.
If one of the bodies, say body 1, is made from an anisotropic material and body 2

is made from an isotropic material, the constants in Equations 3.10 & 3.11 are given

by:

—(a11)1 —7(1721/%)2(1“2) — (1)1
(o] = [ (I_QVZE)(HVQ) + (a1 )1 — ()1 (3.14)
2(1 v2
_ 22 4 (Buh (312)
[B]—[ (ﬁﬂ) 08 | (g,,), ] (3.15)
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As illustrated by Nowell & Hills (1987), in addition to the effect of normal and shear
loads, it is essential to include the effect of remote stresses on surface tractions, as it
can result in a reversal of slip direction for monotonic loading. The effect of remote

stress on the contact tractions can be included by writing the slip function as,

(1—v?)oy

- (3.16)

s(x) = sq(x) —

where s.(z) is the slip function due to the contact tractions alone.

If the initial gap function and the slip function are known, Equations 3.10 & 3.11
can be solved for the contact tractions. The initial gap function, H(z), can be ob-
tained from a knowledge of the undeformed geometry of the contacting bodies but

the slip function, s(x), is more complicated as it depends on load history.

3.3 Coefficient of friction and the slip function

Friction is the mechanism by which shear traction is transmitted between the
contacting bodies. In the context of continuum mechanics, Coulomb’s law of friction
is most commonly used for contact problems. It states that when two bodies are
clamped together under the action of a normal force, P, the shear force, (), that is
necessary to cause relative sliding of one body over the other is directly proportional
to P. The direction of () on a body and the direction of relative sliding of that
body over the other are the same. The constant of proportionality is termed the
coefficient of friction, ;. What happens when the shear force is not quite enough to
induce gross relative sliding of the two contacting bodies? There are two possible
answers: 1) there is no relative sliding between the contacting bodies, or 2) there is
relative sliding in part of the contact region and no relative sliding in the remaining
part. For isotropic materials Dundurs & Comninou (1979) deduced that, in order for
Coulomb’s law of friction to be satisfied at the edge of contact and for there not to
be any inter-penetration of the contacting surfaces, there has to be some amount of
relative sliding/slip between the contacting surfaces. This type of contact (Q < pP)

is known as partial slip contact. Most commonly this is characterized by a central
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‘stick” zone in which no relative slip takes place surrounded by a ‘slip’ zone in which
the tangential traction is limited by the available friction. These conditions, in a
given load increment, can be written as,

0s(x,t)
ot
lq(@)] = plp(=)] = € {(a1,b1) U (b, a2)} (3.18)

=0 x € (bl,bQ) (317)

where b; and b, are the ends of the stick zone and a; and ay are the ends of the
contact zone as shown in Figure 3.1(a).

If the next load increment at a given instant in time is such that the size of the
stick zone grows into the slip zone then the accumulated slip in the newly added
regions to the stick zone gets ‘locked in’. This point is illustrated in Figure 3.1(b)
for the case of normal indentation (@ = 0) of an elastic half space by a rigid punch.
As the applied load, P, increases the point A on the surface of the half-space slips
against the rigid surface until the stick zone extends to include that point. From that
time onward any increase in the load does not result in additional slip. The slip is
locked in. To solve Equations 3.10 & 3.11 for the contact tractions, knowledge of the
accumulated slip function, s(x,t), at the current instant of time is required. For the
most general loading/unloading paths there is no way of knowing the slip function a
priori. Hence Equations 3.10 & 3.11 have to be solved incrementally.

In the slip region the two contact surfaces slip against each other, Coulomb’s law
of friction calls for Equation 3.18 to be satisfied. This is ensured by writing the shear

traction as,

q(z) = pf(@)p(r) = ¢* () (3.19)
where f(z) = —1 if the relative slip is in the same direction in both the slip zones
and

1 if ze (al, bl)
fla) =9 =2+ it e (b, b) (3.20)
-1 if ze (bg,ag)

if the relative slip is in opposite directions in the two slip zones. ¢*(x), usually

called the ‘corrective shear traction’, is zero outside of the stick zone, and is such
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that |¢(x)| = |pf(x)p(z) — ¢*(z)| < |up(x)| within the stick zone (b < = < by).
Please note that f(x) = —1 implies that relative slip of body 2 over body 1 is in the
direction of the negative x-axis for the axes shown in Figure 3.1(a) and f(x) given by
Equation 3.20 implies that body 1 is slipping outward relative to body 2. A reversal
of these slip directions can be achieved numerically by reversing the sign of p. Also,
the friction law dictates that the shear traction in the slip zone (on body 1) be of the
same sign as the relative slip. If this condition is not satisfied a different choice is

made for f(x) and/or the sign of p.

3.4 Fretting Contacts Between Dissimilar Materials

3.4.1 Numerical solution of the partial slip contact problem

Substituting Equation 3.19 into Equations 3.10 & 3.11 the governing singular

integral equations (SIEs) for the partial slip contact problem can be written as:

% = —apq(z) — % 1:2 g*_(rl dr + (a1 + pf(x)an)p(r)
o Brz = pBu) e p(r) oo 1B /”2 (LS PI) 5507y
i ag T—X ™ a1 r—x ‘
88—1;[ +C1 = —ang(r) - % :2 % dr + (g2 + pf (€) a2 )p(2)
LB = ) go2 p(r) - 1B /”2 (L FED P 5599
i ag T—X ™ a1 r—x

Equation 3.21 is applicable only in the stick zone (b; < = < by) whereas Equation 3.11
is applicable in the entire contact zone (a; < x < ag). For an arbitrary choice of
{a1, as, by, by} the solutions to Equations 3.21 & 3.22 will not be non-singular. Rajeev
& Farris (2002) presented a numerical solution when both the bodies are made from
dissimilar isotropic materials.

From the theory of singular integral equations (Muskhelishvili 1953, Gladwell
1980) it can shown that, depending on the type of behavior specified for p(x), there
are four different types of solutions possible. The pressure can be specified to be

bounded at the ends of contact zone, singular at both ends, or bounded at one end
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and singular at the other. For contact of a smooth punch on an elastic half-space
the pressure is required to be bounded at both the ends of the contact zone. This
requires the following consistency condition to be satisfied:

as OH C
/ o dr =0 (3.23)

v (r—a))=4(ay —r)A

Also, in order to satisfy static equilibrium, [;” p(r)dr = P and [;” tp(r)dr = M
where P & M are the applied normal load and moment respectively. For contact
problems, in general, the ends of the contact zone are not known beforehand and
Equation 3.23 may not be satisfied for an arbitrary choice of a; & ay. To circumvent
this problem a singularity is admitted in the function p(z). Previous researchers
(Karpenko 1966, Erdogan & Gupta 1972, Farris 1992, Kurtz et al. 1994) worked with
the following representation of the pressure function to obtain a numerical solution

of sliding contact problem

_ (1-A4)
- a1> (3.24)

o — T

pla) = o() (

where ¢(x) was approximated using either piecewise continuous polynomials or as a
sum of a finite number of polynomials. Thereafter, Equations 3.21 & 3.22 reduced to
a set of linear equations by allowing it to be exactly satisfied at a discrete number
of collocation points which can be solved to obtain either the values of ¢(x) at the
collocation points or the constant multipliers of the polynomial functions depending
on the approximation used. The main problem applying a similar approach to this
problem is that they cannot be extended to solve Equations 3.10 & 3.11 which have
different domains of application, i.e., the initial gap function is known over the entire
contact zone whereas the slip function is known only over the stick zone. This means
that additional singularities have to be admitted at the stick/slip boundaries. A new
method is required to handle these singularities. Therefore the following decomposi-

tion of the pressure function is considered,

T —a ) (1=4)

o — T

p(x) = po(z) + o1 ( (3.25)
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where py(z) is bounded, ¢, is a constant, and A is obtained from Equation 3.23 as

tan(mA) = — (M)

Q22— Q21

Just as was done for pressure (Equation 3.25) it is intuitive to write the corrective

shear, ¢*(z), also in the same form,

q" () = q5(x) + ¢2 (x — b1>B (3.26)

by — x
where ¢j(z) is bounded in the entire stick zone. However when the above equation
is substituted into Equation 3.22, a singularity arises at x = b,. In order to cancel
this singularity, since there is no singularity in the left hand side of Equation 3.22,

consider the following form for the pressure function,

T —a\?
p(x) = po(z) + ¢ ( ) + p2(2) (3.27)
a9 — T
where po(x) is non-singular and p(z) is given by:
0 if T <b
a=b \P
pa(z) =< @3 (112——;:) if b <z <b (3.28)
B
b4 (r@f) if z > by

The singularity index B has to be chosen such that the singularities in the right hand
side of both the governing SIEs have to vanish.
By substituting Equations 3.27 & 3.26 into the RHS of Equation 3.21, the singular

term, as x — by from the left, can be determined as,

Si(z) = [(=on1 + Bu cot(nB)) (v — bi) P+
+ ((aa2 = pony) = (Brz — pbun) cot(rB)) (z — br) P s

+ (B12 — uB1) csc(mB)(ag — x)B¢4] 1

=L (3.29)

Similarly the singular terms in the RHS of Equation 3.22, as x — by from the left

and the right, can be determined, respectively, as

Sy(r) = [(Barcot(wB) — am)(x — b1) Py
+ ((az2) — par) = (Baz — 1) cot(wB)) (z — by) " s

- (Ban — o) cso(mB) (0 — )7 64] —

L (3.30)
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Ss(r) = |Paresc(mB)(@ — b1)P¢a — (Bra — pfr) esc(mB)(x — by)P s

+ (22 — pavar) + (Bag — pfa1) cot(mB)) (az — x)B@] m

(3.31)

These singularities can be made to vanish by setting lim, - (b — z)BS 5(z) = 0

and lim,_,,+ (z — by)®S3(z) = 0. In matrix form these relations can be written as
IDB){¢'} = {0} whete {¢'} = { (by—0)%6s (b —0)"d5 (a2 —bs) s }T. For
a non-trivial solution of {¢'}, |D(B)| = A(B) = 0. By expanding |D(B)| it can be
determined that A(0) = —2(faz2 — 1f21) (51122 — Po1S12) = —A(1). Hence there is at
least one solution for B in the domain 0 < B < 1. Also, by solving the eigenvalue

problem, [D(B)]{¢'} = {0}, ¢3 & ¢4 can be determined in terms of ¢, and written

in the form:

3 = M2 Q1 = Ao (3.32)

As an example, consider the partial slip contact of dissimilar isotropic materials.
The relevant material constants are given by Equations 3.12 & 3.13. The matrix

D(B) and its determinant, A(B), are given by:

—ko cos(mB)  kysin(nB) — pksy cos(mB) pukso
D(B) = | kysin(rB) pk;sin(rB) + ko cos(rB) —ky
0 —ko pky sin(mB) — ko cos(mB)

A(B) = —(ky + k3 cos(n B) + k% sin(n B)) (uk, sin(r B) — ky cos(7B)) (3.34)

Therefore, the index of singularity, B (0 < B < 1), at the right stick-slip bound-
ary (z = by) during partial slip contact of dissimilar isotropic materials is given by
cot(rB) = % Dundurs & Comninou (1979) applied the William’s eigen function
expansion method to partial slip contact boundary conditions and obtained the same

result. The constants ¢3 & ¢4 are given by

¢3 =
¢s =

(3.35)

0
<b2 - b1>B cos(rB) (3.36)

as — by %
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Figure 3.2. Schematic of the numerical scheme used to evaluate the Cauchy singular
integrals. The solid circles represent the nodal positions and the hollow circles
represent the collocation points (located at the mid point between the adjacent

nodes).

A piecewise linear variation is assumed in between the nodes for po(x). Equations 3.22
& 3.21 are reduced to a system of algebraic linear equations by enforcing it at a finite
number of collocation points (not coincident with the node points). A schematic of
the numerical procedure to evaluate the Cauchy singular integrals at the collocation
points is shown in Figure 3.2. The contact region, a; < x < asg, is divided into
N elements. To facilitate easy implementation of the numerical code, the mesh is
created such that the edges of the stick zone (x = by, by) always fall on node points.

Let the number of elements in the stick zone be M.

We can use the following equations to discretize Equations 3.21 & 3.22 at the

collocation points.

o f(plr)

al T—.'L'j

Ti41 f
dr
/7‘ T — I]

(- T)log

Tiy1 — Ty

Q

>
i - 1} Frpi

Ti—l’j
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Tit1 — Zj
ry — l‘j

1‘.
+ { ! log — 1} f(rz-ﬂ)pz-“] (3.37)
Fit1 — Ti

where p; & p;;1 are the values of py(x) at the node points i & i + 1 respectively and

z; is the j*™ collocation point.

mesc(mA) {1 - (‘;;—i)A] if r < ay
as _ A d
/ (7" a1> T~ mesc(rA) {1 — cos(mA) (ﬁ)ﬂ if a1 <z<ay
a1 ag — T r—x N 2
mesc(mA) {1 - (%) ] if T > ag

(3.38)
This gives us a total of NV + M linear algebraic equations in N + M + 4 variables
(N +1 values of py(x), M + 1 values of ¢i(z), ¢1, and ¢5). Four additional equations,
pola1) = po(az) = ¢;(b1) = ¢;5(b2) = 0, are used so that we may solve for the unknown
contact pressure and the corrective shear traction.

The values for the edges of the contact zone (a1, & az), the edges of the stick zone
(b1, & b), and the rotation of the punch, Cy, are obtained using an iteration scheme
that is a modification of the Newton-Raphson method as applied to multi-variate
problems. Let P, (Qg, and M, be the applied normal load, shear load, and moment
respectively. To start with, the user inputs trial values for aq, as, by, bs, & C4 and the
iterations procedure is set in motion. In any given iteration, numerical integration

(trapezoidal rule) is used to obtain loads due to the non-singular part of the tractions

as,
P = / 2 poi(z) d (3.39)

Q= [ ul@)da (3.40)

M; = /aam xpoi(x) dx (3.41)

where the subscript ¢ refers to the values in the current iteration. If Equations 3.21 &

3.22 are solved again by changing one of the variables, say as, by a small amount, say

Aa, then the following partial derivatives can be estimated numerically as: 22 = &2

Oas Aa’
9Q _ AQ oM _ AM 9¢1 _ Ad 9% _ Adzr Gimj ; Fati
9 = Dot Gay = Ra tar = ae & 52 = 3. Similarly, the partial derivatives of P,
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Figure 3.3. Stick zone size as a function of the coefficient of friction. The values of %
obtained by solving the coupled singular integral equations incrementally are in
excellent agreement to those obtained by Spence using a self-similar analysis.

Q, M, ¢1, & ¢ w.r.t ay,as,by, by, & Cy are estimated numerically in each iteration.

The next trial values are chosen as,

(a | [ AW W ose | [ PR
@ a, e e b A A Qo — Qs
by =4 b ¢+ |52 S0 gl ol ZAT My, — M; (3.42)
(G )y, LG, Lee 52 % a2 el L 0—a

The iteration procedure is carried out until all the relevant quantities converge to a
pre-specified tolerance. For some of the cases presented in this work the solution is
not obtained within a pre-specified number of iterations. In such cases the program

stops and prompts the user for new trial values of aq, as, by, by, & Cf.

3.4.2 Verification of numerical method through partial slip contact of

dissimilar isotropic materials

Spence (1973) gives the contact tractions and the size of the stick zone when
an elastic half space is indented by a rigid power law indenter (H (z) oc 2™) under
the influence of normal load alone (@ = 0). Under such conditions the solution is

symmetric with respect to contact pressure and anti-symmetric with respect to the
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shear traction. Hence, the ends of the contact zone and the ends of the stick zone
will be located symmetrically about the origin (as = —a; = a and by = —b; = b).
Exploiting the self-similarity of the problem, Spence reasoned that the ratio of the
size of the stick zone to the size of the contact area remains fixed irrespective of the
shape, given by the index n, of the power law indenter. Moreover, this ratio depends
only on the Poisson’s ratio (v) of the half-space and the coefficient of friction ().
The present analysis technique is applied to this problem by incrementally indenting
an elastic half-space by a rigid parabolic punch (n = 2). The slip function in the very
first increment is assumed to be zero within the stick zone. Results of this analysis are
in good agreement with Spence’s results implying that the numerical implementation

is correct (Figure 3.3).

As the normal load increases the surface of the half-space slips against the rigid
nominally flat indenter thereby producing an anti-symmetric shear traction (it has to
integrate to zero) and is shown in Figure 3.4(a). Figure 3.4(a) also shows the shear
traction after the simultaneous application of the shear load (QQ = —0.5uP) and the
remote tension (0o = 69 MPa). The application of the remote tension tends to reduce
the amount of relative slip in the left zone and increase it in the right slip zone.
This effect can increase (with increasing oy) so much that relative slip in opposite
directions is observed in both the slip zones as shown in Figure 3.4(b). As can be
seen from Figures 3.4(a-b), the results obtained from the SIE analysis are in good

agreement with the FE results (Rajeev & Farris 2002).

3.4.3 Partial slip contact problems involving single crystal nickel super-

alloys

Single crystal nickel superalloys (SCN) are orthotropic materials. For arbitrary
orientation of the material principal axes, application of in-plane tractions on an
orthotropic half-space might produce out-of-plane displacement. This phenomenon

will cause relative slip between the two contacting bodies, and hence a shear traction
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Figure 3.4. Contact Tractions when a rigid nominally flat surface is indenting a
Ti-6Al-4V half-space. (a) P =2.63 MN/m, Q = —0.5uP, 0, =69 M Pa. (b)
P =263 MN/m, Q = —0.75uP, 0, = 517 M Pa. Note that the relative slip in the
two slip zones is in opposite directions in (b) due to high value of bulk stress.

at the contact interface in the out-of-plane direction. Incorporating this out-of-plane
stick/slip behavior in the solution methodology would mean solving three coupled
SIEs to obtain the contact tractions. As a means of simplifying the problem an
“anisotropic” coefficient of friction is assumed (p, = p & p, = 0). This way the out-
of-plane shear traction can be identically set to zero and the number of coupled SIEs
is reduced to two given by the system of Equations 3.21 & 3.22. This assumption is
exact for orthotropic materials if the out-of-plane axis (z-axis) is one of the material
principal axes as shown by Lekhnitskii (1981).

Verification of the SIE analysis is achieved by comparing its results with FE results.
As with the isotropic case, a rigid nominally flat surface is first brought into contact
with a SCN half-space under the action of normal load alone (P = 2.63MN/m).
Then a tangential force is applied (@ = —0.54P) while simultaneously applying a
remote tension (op = 69 MPa) to the half-space. The analysis is carried out for two
different orientations of the material principal axes: 1) when they are coincident with

the coordinate axes of the problem, and 2) when they are rotated 45° about the out-
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5001 SIE(Q=0) 250

o FEM (Q = 0)
| ====—SIE(Q=-0.5uP, 5, = 69MPa)
A FEM (Q = -0.54P, G, = 69MPa)

Q=-0.5pP
o, =69 MPa

Figure 3.5. (a) Shear traction when a rigid nominally flat surface is indenting a
SCN half-space . Material principal axes are coincident with coordinate axes of the
problem. (b) Effect of orientation of the material principal axes on shear traction.
(0, = 45° implies the material principal axes are rotated by a 45° angle about the

out-of-plane axis (z-axis)). (P = 2.63 MN/m, Q = —0.5uP, 0, = 69 M Pa).

plane-axis (z-axis). As can be seen from Figure 3.5(a), the SIE results are in good
agreement with the FE results (Rajeev & Farris 2002). Figure 3.5(b) illustrates the

effect of the orientation of the material principal axes on the shear traction.

3.5 Sub-Surface Stresses

If the displacement field is independent of z (the out-of-plane coordinate) then
the strains and stresses will also be independent of z. Hence the three equilibrium

conditions can be written as

004, 00y

= 4

ot 0 (3.43)
0ogy  Ooyy

A 44

ox dy 0 (344)

00 | 000 _ (3.45)

ox dy
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For a linear elastic material the stress-strain relationship can be written as

{o} =[Cl{e} (3.46)

and the strain-displacement can be written as

v [Ou Ov ow Ow Ou Ov
{e} _{8x oy 0 oy Ox 8y+8x} (3.47)

where u, v, and w are the displacements in the x, y, and z directions respectively.
Since substituting Equations 3.46 & 3.47 into Equations 3.43-3.44 will result in a
system of linear homogeneous partial differential equation of the second order, the
method of Fourier transforms can be used very effectively to solve for the sub-surface

stress, strains, and displacements. Basically the displacements are written as

{u(z,y) v(z,y) wiz,y)}={a(w,n) o(w,n) bw,n)}e "™ (3.48)

Making use of Equations 3.43-3.48 it can be deduced that the following relationship

must hold.

il 0
AId 5 p=¢0 (3.49)

0, 0
Ay = Cesk® +2C16k + Chy (3.50)
Ay = Cok?® + (Cia + Ceg)k + Cig (3.51)
Az = Cyuk?® + (Crq + Csg)k + Cis (3.52)
Ny = Cysk?® + (Ces + Chra)k + Cls (3.53)
Agy = Cook® +2Cxk + Ces (3.54)
Aoz = Cosk® + (Cys + Cos)k + Csg (3.55)
Azi = Cuyk® + (Css + Cra)k + Oy (3.56)
Azp = Couk?® + (Cus + Cos)k + Csg (3.57)
Az = Cuyk® +2Cu5k + Css (3.58)

where Cj; are the elastic constants and k = . For a non-trivial solution of Equation

3.49 the determinant of the matrix A must be equal to zero. Setting |A| = 0 gives
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us three complex conjugate pairs of eigenvalues. To ensure that the stresses, strains,
and displacements are bounded as y — oo only the roots with positive real parts are
chosen to write down the solution for a positive value of w. We will first present the
solution method when the eigenvalues are distinct (SCN falls under this category).
Let E; be the eigenvector corresponding to the eigenvalue A;, and let ¢y, ¢o, and c3
be the constant multipliers of the three principal solutions. The displacement solution

for a particular frequency, w, is given by

U cretrey
v ¢ =[E]{ cperoy § " (3.59)
w 33wy

where F = [E; E, FEj|. Substituting Equation 3.59 into Equation 3.47 we get, for

the strain solution,

I E11 E12 E13 ]
FEo1 )\ Ea)o Eas)s iINwy
0 0 0 cie
{6} _ 626i/\2wy (zw) eiw:v
Esi )\ Eso ) E33A3 iAswy
c3€
E31 E32 E33
| EuA+ By By + By EizAz + Eog J
Clei)\lwy
_ [B] CQ@i/\Zwy (Z(.d) eiwx (360)
C3ei/\3wy

Please note that in the above equation E;; refers to the (i, 7)™ element of the matrix

E and not to E;(j). The constant multipliers, ¢;, can be obtained as

c1(w) . p(w)
o) == (4B iw) (3.61)
c3(w 0

Co1 Coy Cog Cor Oy Oy
A= 061 062 CG3 064 065 066 (3-62)
Cy Ci Cyg Cyy Cys Cug
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where p(w) and ¢(w) are the Fourier transforms of the contact pressure and the shear
traction respectively. Numerical implementation of the above method is done using

the Fast Fourier Transform (FFT) method.
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4. Friction Coefficient
4.1 Introduction

Wear of pads and specimens causes the coefficient of friction to increase during
the fretting fatigue process. Many of the load-controlled fretting experiments are
conducted in the regime of mixed-mode fretting (Farris et al. 2003). Due to low
coefficient of friction in the beginning of the experiment, the applied tangential load
causes sliding of the two contacting surfaces (Q = p,P). After sometime, the co-
efficient of friction increases leading to partial slip. The transition from sliding to
partial slip is borne out by full-field infrared measurements of temperature (Harish
et al. 2000). This transition from sliding to partial slip is called mixed-mode fretting.
Careful experiments are required to characterize the coefficient of friction in the slip
zones. Measurement of friction coefficient in this slip zone is required for accurate

evaluation of contact stresses.

4.2 Procedure for Friction Coefficient Evaluation Tests

Friction experiments aimed at characterizing the evolution of the coefficient of
friction in the slip zones, pg;, with number of cycles in a partial slip experiment
were conducted. As the coefficient of friction increases with the fretting damage, the
tangential force stabilizes at a value less than that required for gross sliding. Thus,
the coefficient of friction cannot be evaluated as the magnitude of tangential force
divided by the normal force. Hence, an alternative approach, that requires a special

load history, was taken to evaluate the slip zone coefficient of friction.

After running the fretting test for a specified number of fretting cycles at which

we want to determine the friction coefficient, the test was stopped. The average
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Figure 4.1. Increasing amplitude waveform applied to determine the average
coefficient of friction. This waveform is applied after running a fretting test for a
fixed number of cycles.
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Figure 4.2. Extreme values of ()/P during the application of increasing amplitude
waveform.
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Table 4.1. Experimental conditions for fretting tests run before applying increasing
amplitude waveform and the average friction coefficient obtained after applying the
waveform. Cylindrical pads of radius 178mm were used in these tests.

Expt. P Qmam Qmm Omaz Omin N Hav Qmax/P Hs
No. |(kN/m) |(kN/m) | (kN/m)|(MPa)|(MPa) | (Cycles)

1 | 2662 | N/A | N/A | N/A | N/A 0 [0.48| N/A |0.48
2 | 2609 | 877 | -75 [309.6| 0.0 | 600 |0.49| 0.336 |0.51
3 | 2541 | 899 | -82 [309.6| 0.0 | 2500 |0.56| 0.354 |0.65
4 | 2713 | 962 | -42 |3126| 6.7 | 10000 |0.56| 0.355 |0.65

coefficient of friction was now determined in the following way. Without disturbing the
pad/specimen contact, an increasing amplitude waveform is applied to the specimen.
This causes the tangential force to increase during each “friction cycle”. Figure 4.1
shows the @Q/P evolution during one such friction test. Ultimately, the tangential
force reaches the value required for gross sliding, and the experiment is stopped.
When the tangential force reaches the value required for gross sliding and the pad
starts sliding, the value of /P drops slightly as can be observed in figure 4.1(a).
This drop can be better demonstrated by plotting only the extreme values of /P
values experienced during the test (Figure 4.2). In the laboratory, the sliding of pad
against specimen also results in a sharp sound, from which we can determine the time
when the sliding has occurred and hence stop the test. The ramping parameters are
chosen such that the number of friction cycles required is about 100. The maximum
value of the tangential force before sliding commences divided by the normal force
gives the average coefficient of friction.

Two different sets of pads were used to obtain the friction coefficient. One set
of pads were machined to have a cylindrical profile of radius 178 mm. Other set of
pads were nominally flat with a flat length of 3.05mm with 3.05mm radii at the
edges. The average friction coefficients obtained using the two different profiles are
listed in Tables 4.1 & 4.2 along with the load conditions under which the fretting

tests were run, before the increasing amplitude waveform was applied. In some of
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Table 4.2. Experimental conditions for fretting tests run before applying increasing
amplitude waveform and the average friction coefficient obtained after applying the

waveform. Nominally flat pads of flat length 3.05mm and edge radii of 3.05mm

were used in these tests.

Expt. p Qmaz | Qmin | Omaz | Omin N Pav | Qmaz/ P | 1s
No. |(kN/m) |(kN/m) | (kN/m)|(MPa)|(MPa) | (Cycles)
5 | 2611 | N/A | N/A [ N/A [ N/A | 0 [o42] N/A [0.42
6 2507 672 -322 | 3141 | 7.7 20000 (0.44| 0.268 | 0.5
16 | 3404 | N/A | N/A [ N/A [ N/A | 0 Jo41| N/A [0.42
17 3346 813 -9 278.2 | 11.0 1000 [0.43| 0.243 ]0.48
18 3351 871 40 286.5 | 16.9 | 10000 |0.44| 0.260 | 0.5
2793 | NJA | N/A | N/A [ N/A | o o42] N/A 042
2763 1004 58 314.1 | 9.2 2000 10.41| 0.363 |0.41
9 2763 985 40 317.8 | 12.9 | 10000 |0.45]| 0.357 [0.53
10 | 2683 | NJA | NJA | NJA [ N/A | o Jo42| N/A 042
11 2654 934 -467 | 312.6 | 6.1 2000 | 0.5 ] 0.352 |0.58
12 2639 992 13 315.0 | 5.7 10000 |0.48| 0.376 |0.56
13 | 2572 | N/A | N/a [ N/A [ N/A | o0 o5 | NjA [0.42
14 2524 969 16 309.5 | 3.7 1000 10.42] 0.384 |0.42
15 2531 911 -35 308.0 | 3.1 5000 |0.57| 0.360 |0.63
19 | 2545 | N/A | N/A [ N/A [ N/A | 00 [os2] N/A [0.52
20 2517 941 -37 3104 | -1.8 1000 [0.58| 0.374 |0.64
21 2531 901 -107 | 310.1 | 0.0 5000 10.59] 0.356 |0.65
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the tests, friction was determined at 0 cycles implying that no fretting test was run
before applying the increasing amplitude waveform. Therefore there are no loading

conditions reported for those tests.

Following observations could be made from the friction tests:
(a) Average friction coefficient was observed to be higher in case of cylindrical pads
as compared with nominally flat pads.
(b) Average friction coefficient was observed to be higher in case of nominally flat

pads when subjected to higher Q/P ratios and higher bulk stress.

One of the implications of the above set of observations might be that the average
friction coefficient increases if the slip zone size is larger and/or magnitude of slip is
larger. The slip zone size is typically larger in cylindrical pads as compared with the

nominally flat pads. The slip zone also increases with increase in /P ratio.

4.3 Evaluation of Slip Zone Friction Coefficient

When the pad and the specimen are made from similar isotropic materials an ap-
proach outlined by Hills & Nowell (1994) is used to determine the slip zone coefficient
of friction, pu, in terms of the average coefficient of friction, p, and the initial coef-
ficient of friction, py (Murthy et al. 2000). This formulation (Hills & Nowell 1994)
is only suitable when the pressures distribution is given by the Hertzian pressure
distribution. In the case of contact of dissimilar isotropic/anisotropic materials the
pressure is not only not Hertzian but also the solutions for the contact pressure and
the shear traction are coupled. Hence, a closed form relation between pu,, p, and g

cannot be simply deduced.

A new numerical method has been devised to obtain j, in terms of p, and pg for
the case of dissimilar isotropic materials. Essentially u is increased in an incremental
manner, starting from o, until the solution of the sliding contact problem yields the
experimentally measured average coefficient of friction, . As with the Hills & Nowell

approach we assume that j, is constant in the slip zones, and the coefficient of friction
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in the stick zones does not change Initially the coefficient of friction is assumed to be
constant (= jg) through out the contact zone. As the slip zone coefficient of friction
increases so does the stick zone size. In each increment the ends of the stick zone
are determined by solving the partial slip contact problem taking into account the
remote tension applied on the specimen and the material dissimilarity of the pad
and the specimen. Keeping track of the previous increments allows us to determine
the distribution of the coefficient of friction within the contact zone in the current
increment, ;(x). Hence, the sliding contact problem for a given increment can be

written as,

dt (4.1)

0H B @/@ p(t)
ox ™ Ja

S+ O = h(a)a() - 2 [
where H (z) is the gap function, p(z) and ¢(x) are the pressure and the shear traction
respectively, a; and as are the ends of the contact zone and the constants k; and ks, are
obtained from the elastic material properties of the two contacting bodies (described
in the next section). Once the sliding contact problem is solved the average coefficient
of friction in a given increment is obtained as,

. Jar: pa(@)p() do
Jar p(x) dz

where a; and ay are the ends of the contact zone.A

(4.2)

The slip zone coefficients evaluated by the above procedure for the friction tests
conducted using the setup are presented in Tables 4.1 & 4.2. As can be seen, both
from average friction coefficient and slip zone friction coefficient, there is a dependence
of friction coefficient on (/P ratio. While using friction coefficient in the analysis
of experiments, this dependence of friction coefficient on (/P ratio was taken into

consideration by assuming a linear variation of friction coefficient with @)/ P ratio.
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5. Experimental Observations
5.1 Fractography

The analysis and characterization of the fretting fatigue fracture surfaces is essen-
tial to develop an inherent understanding and description of fretting fatigue fracto-
graphic features associated with single crystal nickel at high temperatures. Prelimi-
nary observations of the fracture surface have been presented. A fracture surface of
a SCN dog-bone specimen can be seen in Figure 5.1. The fracture surface is highly
crystallographic in a macroscopic view. The fracture plane was determined with re-
spect to the specimen coordinate system using a Co-ordinate Measuring Machine
(CMM). Two mutually perpendicular fracture surfaces were observed in case of spec-
imens with secondary orientations close to 45° to the contact surface. Figure 5.2
shows the schematic of the angles measured by the CMM. 6, is the angle between the
normal, OA, and the axis of the specimen. 6, is the angle between the projection of
the normal in Y Z plane, OB, and the y-axis. The angles measured from the CMM
have been reported in Table 5.1. Comparing the angles measured by the CMM with

the material principal axes obtained from Laue diffraction, it was observed that the

Figure 5.1. Fretting fatigue fracture surface 10X. Specimen ZOKKA.
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Figure 5.2. Schematic of the angles measured by the CMM. 6, is the angle between
the normal, OA, and the axis of the specimen. #, is the angle between the
projection of the normal in Y Z plane, OB, and the y-axis.

fracture plane was along {1 1 1} within a few degrees. The fracture observed along
the <111> macro-plane is similar to findings of other researchers (Cunningham et

al. 1996) .

The initiation region is indicated in the Figure 5.1, and it was also verified to
have initiated at the edge of contact of the contact pad and dog-bone specimen. The
region of initiation is shown in Figure 5.3. It can be seen that the crystallographic
region transitions into a flat region, which was found to be perpendicular to the con-
tact region. A closer view of the flat region is also presented in Figure 5.3.The flat
region appears to have been compacted as expected in fretting fatigue of isotropic
materials. The transition region from the fretting crack to the macroscopic crys-
tallographic fracture showed some evidence of being mono-planar trans-precipitate

non-crystallographic (TPNC), but more work is necessary to verify these findings.

5.2 Determination of Material Principal Axes

Orientation of the primary axis of the material with respect to axis of the specimen

was obtained from the manufacturer. However, since the orientation of secondary
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Figure 5.3. SEM fractographs of fretting fatigue crack in ZOKKA specimen.
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Figure 5.4. (a) Laue diffraction as produced by orienting x-rays along primary axis
of specimen. (b) Schematic highlighting procedure of identifying secondary and
tertiary material axis orientations. Note that the dotted lines represent planes of

symmetry in the FCC construction of SCN.

axis with respect to the contacting surface was not known, STE analysis (detailed in
subsequent sections) was performed for all possible orientations. As can be seen from
Figure 2.7(b) the effect of orientation of the secondary axes on subsurface stresses is
significant. A Laue x-ray diffraction method was used to determine the orientation
of the material principal axes to facilitate an accurate stress analysis. The process is
shown schematically in Figure 5.4. Since the direction <1 0 0> is very close to the
axis of the specimen, Laue diffraction pattern of the specimen was taken by projecting
the beam along the axis of the specimen. A typical diffraction pattern obtained from
the Laue setup is illustrated in Figure 5.5. Since the material has a Face Centered
Cubic (FCC) structure, when we look along <1 0 0> direction, the pattern has four

symmetry planes as can be observed in Figure 5.5.  One set of symmetry planes
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planel

Figure 5.5. Laue Pattern of specimen ZOK K A along <1 0 0> direction (specimen
axis). Four planes of symmetry can be observed.

(a) 6 = 30° (a) 6 = -15°

Figure 5.6. (a) Laue pattern of ZOK KA along <0 1 1>. Only two planes of
symmetry are visible. (b) Laue pattern of ZOK K A along <0 1 0>. Four planes of
symmetry are visible.
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correspond to the {0 1 0} and {0 0 1} planes, while the other set corresponds to {0
11} and {0 1 -1} planes. In order to determine which set of mutually perpendicular
planes corresponds to the {0 1 0} and {0 0 1} planes, the surface perpendicular to
the specimen axis was polished and used for obtaining Laue pattern. The beam was
then projected along one of the symmetry planes and then along the other symmetry
plane at 45° to the first plane. When the beam is projected along the <0 1 0> or
<0 0 1> directions, the pattern will match the observed pattern along the <1 0 0>
direction(Figure 5.6(b)). When the beam is along <0 1 1> or <0 1 -1> direction,
only one set of symmetry planes are observed in the pattern (Figure 5.6(a)). Thus,
knowing the primary orientation <1 0 0> (provided by the vendors), and from Laué
diffraction patterns, the secondary axis <0 1 0> and the teritiary axis <0 0 1> were
determined and are as listed in the Table 5.1. For the specimens which did not fail,
secondary axis could not be determined since the specimen could not be sectioned for

the purpose.



Table 5.1.

degrees. Please refer to Figures 5.4 and 5.2 for the details of the angles.

S7

Angles obtained from Laue patterns and the CMM. All angles are in

Expt. | Specimen Laue Pattern Angles from CMM

No. Primary axis | Secondary axis| Plane 1 | Plane 2
0, 0, 0, | 02 [0 Oy

2 ZOKLE 3 15 52 | 28

4 | ZOKJW 6 -14 50 | 58

5 ZOKKE 2.5 45 54 | 90 |51| 2

6 | ZOKKD 2 -40 56 | 85 |56| -7

7 | ZOKKA 3 -15 57 160.5

8 ZOKFR 1 23 52 | 24

9 ZOKJJ 3 33 58 | 80

10 | ZOKMI 2 43 53.5

11 | ZOKG9 1 44 56.5| 3

12 | ZOKHX 0 -8 56 | 54

13 | ZOKLU 1 2 56 | 44 |56| 45

14 | ZOKH9 1 -22 57 | 66

15 | ZOKFM 0 -6.4 55 | 87 |59| 6

16 | ZOKHA 2.5 23 53 | 20

17 | ZOKLK 1 -13.5 56 | 60

19 | ZOKDK 2 28 53 | 19

20 | ZOKFL 0 -20 56 | 62

23 | ZOKGD 3 17 54 | 30

24 | ZOKGS 2 -38 53 | -9 |53| 82

26 | ZOKFP 3 -14 54 | 58
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6. Life Estimation
6.1 Lifing Approaches

Current research has led to the development of several fretting fatigue analysis
and modelling schemes. These analysis schemes fall generally into three categories:
(1) fracture mechanics approaches, (2) a new crack analogue approach investigating
equivalences between contact mechanics and fracture mechanics, and (3) stress based
approaches. In each of these cases, it is very essential to know the highly localized
multi-axial stress field resulting from oscillatory shear and normal loads in fretting
contact, an accurate understanding of the near contact stresses as well as the sub-
surface bulk stress. These contact stresses can be obtained from Green’s functions as

discussed earlier in the report or by finite element stress analysis.

6.1.1 Fracture Mechanics Approaches

Since fretting fatigue cracks have been found to be initiated very early during life
of the specimen (Endo 1981), several researchers have investigated the application of
fracture mechanics in analyzing the fretting problem. The crack tip stress intensity
factors for the calculated stress field can be obtained from distributed dislocation
methods (Hills & Nowell 1994). Once the crack grows beyond the influence of the
contact forces, the subsurface bulk stresses dominate and familiar fatigue crack growth
models can be implemented. A subsequent fretting fatigue life prediction can then be
maintained by integrating a fretting fatigue crack growth law. This method was shown
to have some success in predicting experimentally derived S-N curves (Edwards 1981).
Other work has compared the composite AK,,, arising in fretting problems with

an experimentally determined threshold stress intensity factor, AKjy,, in efforts to
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identify a balance between crack growth and arrest (Lindley 1997, Hattori et al. 1988).
It has been shown that the stress intensity factor for a small crack, AK,,, increases
for conditions of fretting fatigue. This can lead to sustained crack propagation if
AKypp > AKy, and suggests that fretting could foster fatigue crack growth when

arrest would have occurred without the contact stresses present.

6.1.2 Crack Analogue Approach

A recent fretting fatigue analysis method developed by Giannakopoulos et al.
(1998) involves identifying certain aspects of equivalence between contact mechanics
and fracture mechanics. This crack analogue model involves drawing an analogy
between the near tip crack geometry seen in specimens and the sharp edged geometry
observed at the edge of contact for two contacting bodies. For a given set of elastic
properties, contact mechanics can be used to show a square root stress singularity
behavior at the edge of contact. This asymptotic stress behavior as seen in the stress
and strain fields at the edge of contact can be shown to be equivalent to the stress
behavior seen in the vicinity of the crack tip in linear elastic fracture mechanics
for similar geometries. The contact punch and substrate combination leads to the
definition of a fictitious crack length which allows a physical basis for initiation and
propagation analyses. Further efforts have been performed to investigate the effect
of roundness on a nominally sharp contact geometry by developing a notch analogue

approach (Giannakopoulos et al. 2000).

6.1.3 Stress Based Approaches

There has been some success in predicting the fretting fatigue life using mechanics
or stress based models. Conventionally, stress based approaches have involved the ac-
quisition of S-N curves with and without the fretting contact. The resulting data then
provides a basis for determining a corresponding fretting fatigue strength reduction

factor. This method allows the ranking of variables (or combination of variables) as
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to their contribution to overall fretting fatigue performance. Mechanics based mod-
els are formulated from information about the contact pressure, external load (or
bulk load), coefficient of friction, and tangential load (or relative slip). The fact that
these models show success for a variety of testing conditions suggests that all other
secondary effects could collapse into or be a part of the effects of the previous four
primary variables (Dobromirski 1992). Due to these successes and the development of
a quasi-analytical approach to obtain contact stresses (Rajeev & Farris 2002), stress

based approaches were investigated in course of the current research efforts.

6.2 Stress Based Approach for Predicting Nucleation

A few research efforts have attempted to correlate a mechanics-based understand-
ing of partial slip contacts and fretting crack nucleation (Petiot et al. 1995, Fellows
et al. 1997). Others have suggested the use of fretting fatigue parameters com-
prising products of interfacial shear, tangential stress and slip amplitude (Ruiz et
al. 1984). Szolwinski and Farris have offered (Szolwinski & Farris 1996) and vali-
dated (Szolwinski & Farris 1998) an approach for predicting fretting crack nucleation
through application of a multi-axial fatigue life parameter, I, proposed by Smith,
Watson and Topper (Bannantine et al. 1990) that links the near-surface cyclic stresses
and strains to the number of cycles required to nucleate a crack along a critical plane
in Al12024-T3 material. Murthy et al. (2001) have used an equivalent stress parame-
ter, 0.4, obtained from the surface stresses, to quantify crack nucleation in Ti-6Al-4V.
Inspired by the correlation obtained by using these multi-axial parameters in fretting
fatigue of isotropic materials, an attempt was made to investigate different multi-axial
parameters for anisotropic contacts. The stress based approach assumes that once the
proper contact stresses are obtained by a robust tool, the problem of fretting crack
nucleation can be treated as a fatigue problem with stress concentration. Therefore,
coventional parameters used for fatigue crack nucleation parameters can be used to

predict fretting crack nucleation using the contact stresses.



61

6.2.1 Prediction of Uniaxial Fatigue Tests

The first step in the investigation of nucleation parameters involves verifying the
validity of parameters in predicting the nucleation lives in uniaxial fatigue tests. In
order to achieve this, uniaxial fatigue tests conducted with the material identical
to the one used in fretting fatigue experiments were analyzed. The uniaxial tests
were run by laboratories at General Electric Aircraft Engines (GEAE) and Pratt &
Whitney Engines (PWE). Arakere & Swanson (2001) have studied applicability of
some of the multi-axial parameters to uniaxial fatigue tests conducted with a similar
single crystal nickel superalloy. Naik et. al. have studied similar set of parameters
for application to uniaxial fatigue tests conducted with same material as is used in
the current study. Data obtained from uniaxial tests conducted by PWE and GEAE

were studied with the following parameters:

1. Maximum shear stress range (SSR) along the critical plane.

2. Socie’s parameter defined as (Socie 1987)

_A A€p Ono
SOC = A1 4 Aau 4 7ue

where % is the amplitude of shear strain,

Aep
2

is the amplitude of the normal

strain, and o0, is the maximum normal stress.

3. Findley’s (Findley 1959) parameter defined as FIN = 7, + koOaz, Where 7, is
the amplitude of the shear and o,,,, is the maximum value of stress normal to

the plane along which shear is occurring.

4. Fatemi-Socie-Kurath (Fatemi & Socie 1988) parameter defined as FSK =
Ya (1+

g

maxr
ko)
Oy

, Where v, is the shear strain amplitude on a critical slip direction,

max

maT is the maximum value of stress normal to the plane along which shear is

occurring, and o, is the yield stress.

5. Chu-Conle-Bonnen parameter defined as:
CCB = QVaTmam + €40max

where v, is the shear strain amplitude, 7,4, is the maximum shear stress, ¢, is
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the normal strain amplitude, and omaz is the maximum normal stress. CC'B
parameter is a work based criterion developed by Chu et al. (1993). It is a
combined shear and normal criterion that uses Smith-Watson-Topper type of

work form instead of using strain amplitude as the parameter form.

. McDiarmid parameter defined as:

McD = 1, + ko,4e, where 7, is the amplitude of the shear and o,,,, is the
maximum value of stress normal to the plane along which shear is occurring. It is
similar to the Findley parameter. Crucial difference being the way critical plane
is defined. In Findley parameter, as with the other parameters discussed in this
section, critical plane is the plane along which the parameter is maximum. In

McDiarmid parameter, critical plane is the plane along which 7, is maximum.

. Smith-Watson-Topper (Bannantine et al. 1990) parameter defined as:
I'= €aO0max
where €, is the normal strain amplitude, and o,,,, is the maximum normal

stress.

. The parameter o, is defined as (Doner et al. 1982),

Oeqg = 0.5(A0pe0)" (Opmaz) ) . (6.1)

The stress invariant effective stress range is defined as,
1
V2
+(A0.: — Aoy)? +6(A0Z, + Aol + AoZ)] (6.2)

AOpsy =

[(Aam — Aayy)2 + (Ao, — Ac,,)?

M

where Ao, is the alternating pseudo-stress range, and Ao;; defines the pseudo-
stress range for each stress component based on maximum and minimum points
in the fatigue cycle. The Manson-McKnight mean stress term used to establish

Omean aNd Tppqp 1S given as,

B
Abmean = 575 (8040 — S0y)” + (S0 — S022)?

+(2022 — L040)? + 6(S07, + Soy, + Eazm)} K (6.3)
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Table 6.1. Curve fit values for different nucleation parameters. The curve fit was
assumed to be of the form Damageparameter = A(N)™°

Damage Parameter| A b |Correlation factor (R?)

SSR (MPa) 332.5 10.0573 0.2267
SOC 0.0127]0.0598 0.6238

FIN (MPa) 1449 (0.0861 0.5781
FSK 0.01180.0622 0.313

CCB (MPa) 9.851 | 0.1007 0.6931
MceD (MPa) 723.3 10.0569 0.2752

T (MPa) 3.160 | 0.2685 0.5128

0eq (MPa) 638.6 [ 0.0403 0.6579

where 000y, 1s the mean stress, and Yo;; represents the summed stress for each
stress component based on maximum and minimum points in the fatigue cycle.

The Manson-McKnight coefficient (8 = Barar) is defined as:

. EO’I +EO’3
N 20'1 - 20'3 ’

Bum (6.4)

where Yoy is the sum of the first principle stresses at the maximum and mini-
mum stress points in the fatigue cycle and Y03 is the sum of the third principle

stress at the maximum and minimum stress points in the fatigue cycle.

Figures 6.1 and 6.2 show the results of analysis of uniaxial fatigue tests. They
also include curve fits of the form Damage parameter = A(N)~°. Table 6.1 lists
the curve fit parameters A, b, and correlation factor R? for each of the nucleation

parameters.

Four of the parameters, SOC, FIN, CCB and o,,, with highest correlation factors

for uniaxial fatigue tests were used for analysis of fretting tests.
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Figure 6.1. Comparison of uniaxial data and fretting data with different lifing
parameters.

64



CCB (MPa)

N
b\\\\|\\\\|\\\\|\\\\|\.\\\|

10°

Ll
10’
Total Observed Life (Cycles)

10°

10°

o
o

(a) CCB parameter.

500

400

300

T (kPa)

200

100

10°

Ll
107
Total Observed Life (Cycles)

10°

10°

(-]
o

(c) I parameter.

500

400

McD (MPa)
N w
o o
o o

100

500

400

6., (MPa)

300

o
o
o

10’
Total Observed Life (Cycles)

10° 10°

(b) McD parameter.

10° 10° 10’ 10°

Total Observed Life (Cycles)

(d) o¢q parameter.

Figure 6.2. Comparison of uniaxial data and fretting data with different lifing
parameters.

10°

65



66
6.3 Stressed Area Correction

Experiments with Ti-6A1-4V suggested that higher peak stresses are required to
produce failure in notched specimens as compared to smooth specimens using the
same 0., life metric. The predictive capability improved when o., was averaged
over few elements near the surface and the averaged value was used as the damage
metric. Still this approach did not significantly improve the correlation for the notched
specimens, since the calculated o, was substantially higher as compared to all other
geometries with similar life (Murthy et al. 2001) . Due to these difficulties a weak
link approach (Batdorf & Heinisch 1978) was considered to evaluate the fatigue crack
initiation life for stress concentrations. This approach recognizes that it is less likely
for a weak grain to exist at the surface of a small notch as compared to the probability
of finding a weak grain on the surface of a very large notch or a smooth specimen.
The weak link approach predicted the results very well for notched specimens (Murthy
et al. 2001). Weakest link approaches are routinely applied to monolithic ceramics
and high strength composite fibers (Schenk et al. 2000). A stressed surface area was
evaluated as compared to volume since nearly all of the initiation sites appeared to
be on or very near the surface of the specimens. In addition, the stress gradient on
the surface is also representative of the stress gradient along the depth in isotropic

materials.

In the weakest link approach, the probability of survival, R, of a small area, AA;,

subjected to a damage parameter of ¢; is assumed to be:

(Ro(6:))> = (exp[—%)aw | (6.5)

The above formulation assumes a two parameter Weibull distribution with « as the
shape factor and  as the scale parameter. The probability of survival of all the

stressed areas would then be given by:

n(R) = 3" [ln Ro(6)]AA, . (6.6)

=1



67

If two specimens have same life, then their probability of survival is the same. By
equating the two probabilities, we get,

(¢mﬁam,1 )aFS‘l — (¢mﬁaw,2 )anz , (67)

where parameter F's is given by,
Fs; =3 -(-2 )e1a4 6.8
SJ—Z[_(¢ ) A4, (6.8)
i=1 max,j

Hence we get an equivalent damage parameter corresponding the smooth bar data

as,
F82

F81

where ¢4, 1S the maximum value of damage parameter obtained for the actual ex-

¢eq = ( )i¢mam ) (69)

periment and ¢, is the equivalent damage parameter in a smooth bar specimen which
has the same life as that of the actual experiment. The ¢; used is the distribution of
damage parameter on the surface. ¢4, is the maximum value of ¢;. on the surface.
F'sy, the stressed area for the smooth bar, is the area of the gage section of the smooth
bar specimen.

This stressed area approach worked reasonably well for life predictions of notched
specimens as well as fretting fatigue specimens made of Ti-6A1-4V (Murthy et al.
2001). A similar stressed area approach was used for the investigations of life estima-
tion parameters with single crystal materials. Any of the lifing parameters discussed

in the previous section could be used as the damage parameter ¢.

6.4 Life Estimation of Laboratory Tests
6.4.1 Stress Analysis

Contact tractions and subsurface stresses were obtained from solution to singu-
lar integral equations by a process as detailed in Chapter 3. Prescribed profile of
3.05 mm flat length with 3.05mm radii at the edges was used to obtain the tractions

and the stresses. However, manufacturing tolerances associated with the process of
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Figure 6.3. Effect of machining tolerances on the surface normal traction. The
distance, x, is normalized with respect to the half contact length obtained from the
analysis using prescribed profile. Normal force P = 1.58 M N/m

machining the component alters the profile of the component. Singular integral equa-
tion approach is capable of analysing contacts of arbitrary shapes and can be used to
study the effect of these manufacturing tolerances on the life estimation. To study the
effects of these deviations, an actual profile of a pad machined for a specification of
3.05mm flat length with 3.05 mm radii at the edges, was compared to the prescribed
profile as shown in the Figure 2.8. The pad profile was obtained using a surface pro-
filometer. The profiles were smoothed and analyzed by the singular integral equations
approach. Figure 6.3 shows the comparison between the surface normal traction of
the two profiles. It can be seen that a small deviation in the profile leads to a sig-
nificant difference in surface traction leading to a change in sub-surface stress field,

hence altering the crack nucleation prediction.

6.4.2 Nucleation paramater evaluation and stress area correction

Uniaxial data obtained from PWE and GEAE were analyzed using different pa-

rameters as discussed earlier. Of the different parameters investigated, only four
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Figure 6.4. A schematic illustration of effect of slip on evaluation of damage
parameter.

parameters gave a correlation of about 60% or more. These four parameters were

used for nucleation life estimation.

While evaluating the parameters, one of the problems that arise is the fact that
the edge of contact where cracks initiate moves in and out of contact because of small
amplitude relative slip between pad and specimen at the edge of contact. In other
words, the point which experiences the maximum tangential stress when Q) = Q4z,
is within the contact region when ) = @Q..in,, because of the relative slip between
pad and specimen. To account for this relative slip, when evaluating the critical
parameter, the value of stress when ) = Q). Was taken at x = a, where as, it was
taken at x = @’ when @ = @Q,,;, during the cycle as shown in the figure 6.4. o’ was
chosen such that the difference a — a’ corresponds to the slip range at the edge of
contact. Since the relative slip is relatively small, effect of this slip on the parameters

were typically observed to be relatively less.

The slip also affects the stressed area correction term. Since, the solution the
tangential stresses obtained by our analysis are discrete, while evaluating AA; in the
equation 6.8, it is assumed to be AA; = (Ax; + Aslip;) X thickness, at the point

where the stress is evaluated (Figure 6.5).

Since the peak stresses were very high, the maximum values of stresses were capped

at the yield stress as a first approximation to plasticity effects. Weibull parameter used
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Figure 6.5. A schematic illustration of effect of slip on evaluation of stressed area.

in Ti-6A1-4V was obtained from uniaxial tests conducted with notched specimens.
The notches in these specimens acted as stress concentrators. For the material used
in fretting fatigue tests, no notched specimen tests could be found in the literature.
Therefore o = 10 was used since it gave the best correlation factor for fretting tests

when compared with the uniaxial curve.

Figures 6.6 - 6.9 show the comparison of uniaxial data with the fretting data using
different parameters. CCB parameter and Findley parameter give better predictions
than 0., and Socie parameter. The values of the parameters are listed in Table 6.2.
Here the total life is plotted against the damage parameter, which is mainly used for
the prediction of nucleation life. In uniaxial tests, the crack nucleation as well as the
propagation occurs under same applied stress. Therefore, nucleation life forms the
major portion of total life. During fretting fatigue tests, nucleation occurs due to
very highly localised contact stresses, whereas the propagation is mostly due to bulk
stress which is low relative to the stresses that nucleate the crack. This causes the
crack propagation to form a significant portion of total life. Therefore an estimation

of crack propagation life is necessary to predict the life of the laboratory specimens.

6.4.3 Estimation of Crack Propagation Lives

The crack that forms is a three-dimensional crack as can be observed from the

SEM micrographs of the fracture surface. The cracks initiate on <1 0 0 > plane
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Table 6.2. Calculated nucleation life parameters and estimated propagation lives
for fretting tests

Expt. Prescribed Profile As machined Profile Prop.
No. SOC | FIN | CCB | o, | SOC | FIN | CCB | 0 life

(MPa) | (MPa) | (MPa) (MPa) | (MPa) | (MPa) | (cycles)
HTFF04]0.0088| 660 | 5.05 | 441 |0.0079| 632 | 4.48 | 413 3105
HTFF05(0.0062| 590 | 3.83 | 416 [0.0056| 555 | 3.29 | 375 3740
HTFFO06|0.0073| 628 | 4.07 | 427 ]0.0065| 600 | 3.67 | 400 7205
HTFF07]0.0049| 466 | 3.02 | 320 |0.0044| 415 | 2.33 | 287 7767
HTFF08|0.0072| 613 | 4.10 | 395 |0.0072| 611 | 4.07 | 393 5019
HTFF09| 0.012 | 779 | 4.77 | 464 |0.0111| 751 | 4.54 | 453 7965
HTFF10(0.0147| 895 | 4.83 | 502 [0.0138| 862 | 4.63 | 490 8307
HTFF11]0.0156| 957 | 4.19 | 493 |0.0161| 976 | 4.26 | 500 | 79470
HTFF12]0.0095| 675 | 3.98 | 395 | 0.009 | 658 | 3.70 | 376 | 81325
HTFF13]0.0089| 640 | 3.91 | 391 | 0.008 | 611 3.67 | 373 | 75824
HTFF14]0.0183| 1017 | 5.95 | 527 [0.0156| 916 | 5.32 | 490 5404
HTFF15]0.0095| 658 | 3.97 | 392 [0.0083| 620 | 3.65 | 369 | 74928
HTFF16|0.0153| 885 | 5.41 | 485 [0.0142| 842 | 5.32 | 478 6469
HTFF17]0.0106| 704 | 4.01 | 398 | 0.01 | 680 | 3.93 | 390 | 78547
HTFF18]0.0081| 626 | 3.27 | 360 [0.0068| 576 | 2.81 | 325 |213029
HTFF19]0.0044| 451 2.09 | 261 ]0.0043| 435 1.93 | 255 | 207290
HTFF20|0.0171| 991 5.13 | 492 10.0172| 990 | 5.19 | 492 | 19140
HTFF21]0.0068| 579 | 3.33 | 355 [0.0056| 506 | 2.54 | 297 | 124437
HTFF22]0.0072| 597 | 3.39 | 361 [0.0068| 579 | 3.07 | 342 | 129460
HTFF23]0.0067| 584 | 3.46 | 340 [0.0061| 555 | 3.10 | 311 | 68827
HTFF24|0.0118| 768 | 4.12 | 446 |0.0104| 717 | 3.70 | 418 | 34173
HTFF25]0.0084| 633 | 3.60 | 376 [0.0074| 601 3.18 | 352 | 117158
HTFF26|0.0081| 611 | 3.93 | 371 [0.0075| 591 3.76 | 354 | 36753
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Figure 6.10. Schematic of the assumptions made during propagation analysis. The
stresses resolved along and perpendicular to the plane of fracture were assumed to
be applied on a specimen with crack perpendicular to its axis.

and starts propagating along <1 1 1> when it is about 250 ym in length. There
is a transition region between the two phases when the crack is propagating along
intermediate planes. Once the crack reaches the size of 250 um, it seems to propagate
along <11 1> plane and fails along the same plane. The crack front appears similar to
a corner crack. While a well characterized propagation analysis involves adhering to
the three-dimensional characteristics of the crack and is a complex problem, certain
assumptions were made to simplify the analysis during this study. The crack was
assumed to propagate only along <1 1 1> plane and initial crack size was assumed
to be 250 um. The bulk stress applied to the specimen was resolved in the direction
normal to the plane and in two mutually perpendicular directions along the plane.
These resolved stresses were assumed to be appiled on a specimen of rectangular
cross section with crack perpendicular to the axis of the specimen as shown in the
figure 6.10. Stress intensity factor for application of normal stress on a specimen with

corner crack (elliptical) was obtained from Anderson (1994).

Ta
where
a\ 2 a\?
F = lMl + Ms (;) + Ms; <E> ] 9192f¢fw (6'11)



I6)

Q = 1+1.464 <%>1'B5 (6.12)
M, = 1.08 — 0.03 (%) (6.13)
1.06
M = 044+ 5o (6.14)
My = —0.5+0.25 (%) 11428 (1 . %)15 (6.15)
— 4 a 2 : 3
g1 = 1+ ]0.08 4 0. (;) (1 —sin¢) (6.16)
g = 1+ [0.08 +0.15 <9>2] (1 —cos¢)? (6.17)
/
1/4
fo = [(%)2 cos? ¢ + sin? qﬁ] (6.18)

1/2

(6.19)

o= b

Stress intensity factors for application of shear stress on a specimen with cor-
ner crack (elliptical) were obtained from stress intensity factor handbook (Murakami
1987) (Figure 6.11).

Telesman & Ghosn (1996) discuss the application of an octahedral crack driving
parameter AK,. for obtaining crack growth curve for simple fatigue tests involving
the same material under similar bulk loading conditions with cracks propagating along

the <1 1 1> plane 6.12. The parameter is defined as

AR = \J(AK)? + (AK;)? + (MK p)? (6.20)

Parameter AK,. was used for the propagation analysis using the crack propaga-
tion curve generated by Telesman & Ghosn (1996). Contact stresses have no effect
on propagation since the initial crack length is large enough for the steep contact
stress gradients to die down. Propagation lives driven by bulk stresses were obtained
for each of the experiments and are listed in Table 6.2.  Predicted total life, taken
as sum of nucleation lives predicted by various damage parameters and propagation

lives evaluated from fracture mechanics, was compared against failure lives observed
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during experiments. From figures 6.13 - 6.16, it is observed that Findley parameter
and Chu-Conle-Bonnen parameters give the best prediction results among different

parameters.
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7. Conclusion and Future Work

An experimental setup capable of performing fretting fatigue experiments was de-
signed, built and characterized. It was used to measure fretting fatigue lives for
IN100 in contact with single crystal nickel for a range of loads. Measured lives were
compared to total life prediction based on a combination of multiaxial fatigue nucle-
ation and fatigue crack growth. Comparisons between predicted and measured lives
gives confidence to the notion that conventional fatigue lifing tools can be used to
assess fretting fatigue lives.

Future work includes characterization of the effect of surface integrity enhance-

ments on fretting fatigue as well as the examination of mission loading profiles.
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